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Abstract
Snow is part of the cryosphere in the climate system of the Earth. It has a high
albedo in the visible, decreasing towards the near-infrared. Snow on ground is a
porous medium of ice, air, and possibly impurities like dust or soot. After depo-
sition, it undergoes snow metamorphism changing the grain size, grain shape, and
density. In the visible, the reflection characteristics of snow are mainly determined
by the amount of impurities, and in the near-infrared by the size of the snow grains.
Satellite sensors allow observing the snow in remote areas like the polar regions on
a regular basis and on a global scale. A method to compute the snow grain size
and impurity amount from optical satellite observations is the Snow Grain Size and
Pollution amount (SGSP) retrieval. It uses data of three reflectance channels (here:
at 0.47 µm, 0.86 µm, and 1.24 µm), has a reduced dependency on the snow grain
shape, and is applicable at solar zenith angles up to 75◦.
In this work, the SGSP retrieval is implemented in a near-real time processing chain
using data from the Moderate Resolution Imaging Spectrometer (MODIS) operat-
ing on the satellites Terra and Aqua. A sensitivity analysis reveals that currently
only the snow grain size can be determined reliably by the SGSP retrieval, as the
uncertainties of the MODIS instrument are too high for the amount of impurities
typically occurring in polar regions. Sensitivity studies on the influence of vertically
inhomogeneous snow, wet snow, and cirrus clouds show that the SGSP retrieval
typically underestimates the grain size by 15% to 25% for those three cases. The
SGSP-retrieved snow grain size is validated using six different ground truth data
sets from the Arctic, the Antarctic, Greenland, and Japan from the years 2001 to
2009, and various subsurfaces (land, land ice, sea ice, lake ice). In general, the re-
trieved and ground-measured grain size are in good agreement. 17 cases have small
differences (1–14%), 16 cases intermediate differences (18–53%), and four cases large
differences (72–178%). The SGSP retrieval tends to underestimate the grain size for
wet snow cases (by 18%–31%) and cirrus cloud cases (by 14%–31%), and overesti-
mates it for surface hoar cases (by 30%–53%) and wind crust cases (by 23%–77%).
A comparison of the SGSP retrieval with a previous retrieval using ground measure-
ments from the Himalayan basin shows that the SGSP-retrieved grain size tends
to be smaller (by 5–48 µm) and that vertically inhomogeneous snow influences the
retrieval. A comparison of SGSP-retrieved snow grain size time series on the Ross
ice shelf, Antarctica, at three Automatic Weather Stations (AWS) with snow depth
change data from those three stations shows that a snow fall event of 6 cm is de-
tected by the sudden decrease of the retrieved grain size from 200 µm to 50 µm.
A comparison of the spectral snow albedo for the MODIS Channels 1 to 5 over 16
days on a large-scale area in Greenland between the SGSP-derived albedo and the
spectral MODIS albedo product MOD43 shows a correlation of 0.82 for Channel 5,
which is most sensitive to the snow grain size.
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Chapter 1
Introduction
Snow is part of the cryosphere in the climate system of the Earth. It has a high
albedo of 0.9 to 1.0 in the visible spectral range and thus reflects most of the incom-
ing solar radiation. Therefore, the presence of snow on darker surfaces affects the
radiative balance of the Earth.
From the microphysical perspective, a single snow grain is an ice crystal consisting
of frozen water and is formed in clouds. The single crystals cluster together and
fall as snow flakes onto the Earth’s surface. There, they accumulate to a layer of
snow consisting of ice, air, and sometimes impurities like dust or soot. Inside the
snow layer, metamorphism changes the shape and size of the ice crystals, mainly
controlled by the temperature and the vertical temperature gradient.
Light falling on a snow layer mostly gets scattered, reflected, and partly absorbed.
As snow is a porous medium of ice, air, and possibly impurities, the light entering a
snow layer is often multiply scattered. The albedo of snow (as the ratio of reflected
(including multiply scattered) and incident light) is high in the visible (0.4–0.75 µm)
and decreases towards the near-infrared (0.75–1.4 µm). For a semi-infinite snow
layer, the albedo is mainly determined by the size and shape of the grains, and the
amount of impurities. Therefore, those parameters are important for modeling the
climate of the Earth.
Regular observations of the snow on a global scale can only be achieved by means
of satellite remote sensing, as many snow covered areas such as in the Arctic and
Antarctic are difficult to access. The type of electromagnetic radiation sensitive to
the snow grain size and impurities is the optical (visible and near-infrared) radiation
in the range from 0.4–1.4 µm. Data in this spectral range are available from various
satellite sensors at a spatial resolution in the order of 10 m to 1 km.
The theory about snow physics, the interaction of light with the medium snow, and
remote sensing of snow is given in Chapter 2.
One algorithm that uses optical data to determine the snow grain size and impurity
amount (here: soot concentration) with satellites is the Snow Grain Size and Pol-
lution amount (SGSP) algorithm developed by Zege et al. [2008, 2011]. It has two
unique characteristics. First, it has a reduced dependence on the snow grain shape,
which is important as various particle shapes have different reflection characteris-
tics and the shape information is unknown during the retrieval. Second, the SGSP
algorithm is valid at high solar zenith angles up to 75◦ (i.e., elevation angles as low
as 15◦), which is important for polar regions where the sun elevation is often low.
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In this work, the SGSP retrieval is implemented using optical data from the MODIS
(Moderate Resolution Imaging Spectrometer) instrument operating on the satellites
Terra and Aqua. The core implementation of the retrieval is from the group of E.P.
Zege of the University of Belarus, Minsk. The MODIS channels used in this work
are Channel 3 (at 0.47 µm), Channel 2 (at 0.86 µm), and Channel 5 (at 1.24 µm).
The MODIS data are pre-processed regarding striping artifacts and regarding the
discrimination between snow pixels and non-snow pixels, like soil, water, or clouds.
For the efficient computation of the SGSP retrieval, a near-real time processing chain
is developed, which downloads and processes the MODIS data, calculates the snow
grain size and soot concentration, and grids and projects the data on a map. It is
an automated procedure that can produce maps for different predefined regions over
selected time periods.
Sensitivity studies are performed in order to examine how the SGSP retrieval behaves
for instrument uncertainties in the MODIS data, and for the influence of vertically
inhomogeneous snow, of wet snow, and of thin cirrus clouds.
The description of the SGSP retrieval, the near-real time processing chain, the pre-
processing of the MODIS data, and the sensitivity studies are given in Chapter 3.
The SGSP retrieval is validated using ground truth data from six different mea-
surement campaigns, which were carried out in different regions (Arctic, Antarctic,
Greenland, and Japan) on different subsurfaces (land, land ice, sea ice, and lake ice)
in the years 2001 to 2009. Furthermore, ground measurements are used to compare
the SGSP retrieval with a previous retrieval.
Snow grains generally grow over time, which could be used to detect snow fall events,
as newly fallen snow has smaller grain size. Therefore, a time series of the SGSP-
retrieved snow grain size is computed on the Ross ice shelf (Antarctica), examined
for sudden decreases of grain size, and compared with in-situ data of snow depth
changes.
The albedo of snow is mainly determined by the grain size and the impurity amount,
and can therefore be computed by the SGSP retrieval. The MODIS albedo product
MOD43 is used for a comparison of the SGSP-derived albedo on a large-scale area
in Greenland.
The validation of the SGSP retrieval using ground truth data sets, the snow grain
size time series on the Ross ice shelf, and the comparison with the MODIS albedo
product MOD43 on Greenland are given in Chapter 4.
Chapter 2
Theoretical background
This chapter provides a theoretical background on snow, remote sensing and the
satellite instrument MODIS (Moderate Resolution Imaging Spectrometer). Sec-
tion 2.1 is about the study subject of this thesis: the physics of snow and its grain
size. Section 2.2 deals with the means to determine the snow grain size: remote
sensing and existing snow grain size retrievals. Section 2.3 introduces the satellite
instrument whose data are used in this thesis: the spectroradiometer MODIS.
2.1 Snow physics
Snow is a medium of complex physical interaction mechanisms. Section 2.1.1 de-
scribes the role of snow in the climate system on a global scale. Section 2.1.2 deals
with the microstructure of ice crystals and how different crystal shapes form. Sec-
tion 2.1.3 deals with the optical properties of snow and how it reflects sunlight.
In Section 2.1.4, the relation of the microphysical and optical snow grain size is
described. In Section 2.1.5, the e-folding depth of light into snow is specified. It
tells from which depth the signal comes that is received at a satellite instrument.
Section 2.1.6 gives a historic overview on the research of snow optics.
2.1.1 Snow in the climate system
The climate system of the Earth consists of the components: atmosphere, biosphere,
lithosphere, hydrosphere, and cryosphere. They are in close contact and interact
with each other. The cryosphere comprises the frozen water bodies: ice sheets, ice
shelves, glaciers, snow, lake ice, and sea ice (Figure 2.1). Ice sheets and glaciers
consist of accumulated and compressed snow, which have formed over centuries and
millennia. The largest ice sheets are on Antarctica and on Greenland. Ice shelves
are the outflow of the ice sheets into the ocean. The biggest ones are the Ross, the
Rønne, and the Amery ice shelves along the Antarctic coast. Snow flakes are formed
in clouds and then fall as precipitation onto the Earth’s surface. In polar regions,
the surface is permanently snow covered, in the mid-latitudes it is seasonally snow
covered. Sea ice is formed when sea water freezes at temperatures below −2◦C. In
contrast to the other cryospheric components, it is formed from saline water, whereas
ice sheets, glaciers, ice shelves, snow and lake ice consist of fresh water ice. Sea ice
is present in the Arctic and Antarctic, and changes with season. In the Antarctic,
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Figure 2.1: The components of the cryosphere (Source: IPCC [2007]).
most of the sea ice melts away in summer, in the Arctic, approximately one third of
the maximum winter ice area remains in summer.
Table 2.1 shows the cryospheric components with their areal extent, volumetric
extent, and sea level equivalent. Compared to the other components, snow is large
in area, small in volume, and contributes only little to sea level rise if completely
melted. One important physical property of snow is the albedo, which is the ratio of
the reflected radiation of a surface to the incident radiation in the optical wavelength
range (visible and near-infrared) ranging between 0 (black body) and 1 (white body).
The albedo of snow is a function of wavelength and depends on the grain size of
the snow crystals (small crystals have higher albedo than larger ones, especially
in the near-infrared) and the amount of pollution (e.g., soot on the snow lowers
the albedo significantly in the visible), as described later in Section 2.1.3. Snow
covered areas reflect most of the incoming solar radiation in the visible and therefore
have a high albedo (> 0.9). This leads for instance to lower temperatures above
snow surfaces, inducing motion of air masses between snow and none-snow covered
areas, which then may affect ocean currents. From the global perspective, snow
physical properties are important for the energy balance, atmospheric and oceanic
circulations, which are used in climate models and numerical weather predictions.
2.1.2 Microphysical properties
Snow is a medium consisting of ice crystals and air. It is formed in clouds when
water vapor condenses directly to ice. An ice crystal consists of H2O molecules ar-
ranged in a hexagonal lattice and may have various shapes, most frequent are plate-
and column-like shapes, besides hexagonal-, dendritic-, or needle-like shapes. Under
which conditions the different shapes form was first examined by Nakaya [1954].
He artificially produced ice crystals in the laboratory under different meteorolog-
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Table 2.1: Ice Area, ice volume, and sea level equivalent (SLE) of the cryospheric
components. SLE is the height of potential sea level rise if completely melted
(Source: IPCC [2007]).
Cryospheric Ice Area Ice Volume SLE
component [106 km2] [106 km3] [m]
Snow on land 1.9–45.2 0.0005–0.005 0.001–0.01
Sea ice 19–27 0.019–0.025 0
Glaciers 0.51–0.54 0.05–0.13 0.15–0.37
Ice shelves 1.5 0.7 0
Ice sheets 14.0 27.6 63.9
ical conditions. He found out that temperature and water vapor supersaturation
are the dominating factors controlling the formation of different ice crystal shapes,
as illustrated in Figure 2.2. Temperature mainly controls whether the shape is
more column- or more plate-like. Plates form in the range from 0◦C to −3◦C and
−10◦C to −22◦C. Columns form in the range from −3◦C to −10◦C. Below −22◦C,
both shapes may form but smaller in size. Water vapor supersaturation relative to
ice mainly controls the complexity of ice crystals. At higher supersaturation, the
crystals become more complex, like dendrites or sectored plates. In Table 2.2 the
different shapes are listed with more generalized temperature limits from different
authors [Fierz et al., 2009].
The single ice crystals may cluster together and fall as snow flakes onto the Earth’s
surface, where metamorphism takes place changing the shape and size of the ice
crystals. The three main processes are equi-temperature, temperature-gradient and
melt-freeze metamorphism [Sommerfeld and Lachapelle, 1970; Colbeck, 1983].
The equi-temperature metamorphism occurs when the vertical temperature gradient
in the snow pack is less than 10◦C/m. In these conditions, the ice at the convex
surfaces of the crystal sublimes into water vapor which deposits on the concave sur-
faces. This leads to a rounding of the crystals, as they want to reach a stable state by
minimizing their surface free energy, which is smallest for spheres. The temperature-
gradient metamorphism occurs when the temperature gradient in the snow pack is
larger than 10◦C/m. In freezing conditions, the temperature is generally around 0◦C
at the ground and decreases to colder temperatures at the top (e.g., −20◦C). The
temperature gradient induces a water vapor saturation gradient which drives water
vapor from warmer crystal surfaces to colder surfaces. As the bottom of a crystal
at upper layer is colder than the top of a crystal at lower layer, the ice sublimes
from the top of the lower crystal and deposits at the bottom of the upper crystal.
This leads to a faceting of the crystals. The melt-freeze metamorphism occurs when
air temperatures oscillate around the melting point of 0◦C. In these conditions, the
snow melts and refreezes again such that melt water is trapped between the crystals
and accretes on the crystals during refreezing. The melt-freeze metamorphism is
generally accompanied by equi-temperature metamorphism leading to a rounding of
the crystals. The formation of further snow crystal shapes is described in Table 2.2
[Fierz et al., 2009].
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Figure 2.2: Snow morphology diagram about the formation of ice crystal shapes in
clouds (Source: Libbrecht [2005]).
The size of the crystals during snow metamorphism generally increases. But it may
also decrease, e.g., for the case of wind crust as the crystals get broken. The growth
rate depends on the temperature and is larger at temperatures closer to the melting
point of 0◦C. For temperature-gradient metamorphism, the growth rate is larger
at larger temperature gradients. Therefore, snow metamorphism takes place more
slowly in polar regions of permanent snow cover than at lower latitudes of seasonal
snow cover.
A formulation for the grain growth in dry snow (temperature gradient metamor-
phism) is given by Marbouty [1980]:
x(t) = x0 + f(T ) g(
∂T
∂z
) h(ρ) ψ(t), (2.1)
where x(t) is the grain size at time t, x0 the initial grain size, T the temperature,
∂T
∂z
the temperature gradient, ρ the density, and ψ(t) = 0.09 mm/day. The empirical
functions f , g, and h may take values between 0 and 1.
A formulation for the grain growth in wet snow is given by Brun [1989]:
v(t) = v0 + (v
′
0 + v
′
1f
3)t, (2.2)
where v(t) is the grain volume at time t, v0 the initial grain volume, f the liquid
water content, v′0 = 1.28×−8 mm3/s, and v′1 = 4.22×−10 mm3/s.
Snow grains may have various kinds of shapes, therefore different definitions of the
snow grain size are possible: e.g., the largest diameter, the smallest diameter, or
an average diameter. The largest diameter of ice crystals typically ranges from
below 0.2 mm for new fine-grained snow to 1–2 mm for aged coarse-grained snow
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[Fierz et al., 2009]. The density of snow ranges between 10 kg/m3 for fresh den-
dritic snow to 600 kg/m3 for hard wind-packed snow. Typical density values are
between 200 kg/m3 and 400 kg/m3 [Domine´ et al., 2008]. At temperatures larger or
equal 0◦C, snow becomes wet. The volumetric liquid water content of moist snow is
between 0%–3%, and between 3%–8% for wet snow [Fierz et al., 2009]. Snow meta-
morphism and grain growth takes place more quickly as temperatures approach the
melting point [Colbeck, 1987; Brun, 1989].
Table 2.2: Snow crystal shapes, their formation in clouds and evolution on ground
from Fierz et al. [2009]. The symbols are used for in-situ snow observations and
illustrate roughly the shape. Note that the temperature limits are generalized from
different (authors amongst others Libbrecht [2005]).
Crystal Symbol Formation
In clouds
columns temperatures of –3◦C to –8◦C, and below –30◦C
needles high supersaturation at –3◦C to –5◦C, and below
–60◦C
plates temperatures of 0◦C to –3◦C, and below –8◦C
dendrites high supersaturation at 0◦C to –3◦C, and −12◦C
to –16◦C
On ground
rounded grains small vertical temperature gradient (<10◦C/m)
faceted crystals large vertical temperature gradient (>10◦C/m)
depth hoar later stage of large vertical temperature gradient
surface hoar water vapor from the atmosphere deposits onto
the snow surface
rime small supercooled water droplets accrete onto
the snow surface
rain crust freezing rain falls onto the snow surface forming
a thin transparent glaze of ice
sun crust snow surface melts by the sun and refreezes
again forming a thin transparent glaze of ice
wind crust strong winds acting on the snow surface break-
ing up and compacting crystals
melt-freeze crust air temperatures oscillate around 0◦C causing
melting and refreezing
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2.1.3 Optical properties
Snow optics describe the interaction of snow with electromagnetic radiation in the
optical (visible and near-infrared) wavelength range. Light that falls onto a snow
layer is reflected, scattered, and partly absorbed by the single snow crystals. A snow
layer is called semi-infinite when an increase of snow depth affects the reflectance
negligibly. In the visible spectral range it is larger than 50 cm, in the near-infrared
it is on the order of 5 cm [Zhou et al., 2003]. The bidirectional reflection function
R of a semi-infinite snow layer consisting of randomly-oriented, closely-packed snow
crystals is (Section 3.1 and Appendix A.1) [Kokhanovsky and Zege, 2004]:
R(θ, θ0, φ) = R0(θ, θ0, φ) exp [−α f(θ0, θ, φ)] . (2.3)
R0 is the bidirectional reflectance distribution function (BRDF), which is the ratio
of the radiance reflected into a particular direction and the incident flux coming
from the light source [Nicodemus, 1965]. The functions R0 and f (Appendix A.1)
depend on the solar zenith angle θ0, the viewing zenith angle θ, and the relative
azimuth angle φ between incident and reflected light. The term α is defined by
[Kokhanovsky and Zege, 2004]:
α = A
√
γaef (2.4)
where A is the form factor depending on the particle shape (Section 3.1 and Equa-
tion A.13), aef the effective optical snow grain size (radius), and γ the absorption
coefficient of ice:
γ =
4πχ
λ
. (2.5)
χ is the imaginary part of the complex refractive index of ice [Warren and Brandt,
2008] and λ the wavelength. For soot contaminated snow, γ = 4π(χ + 0.2CS)/λ
[Zege et al., 2008], where CS is the relative volumetric soot concentration.
Integrating Equation 2.3 over the angles θ, θ0, and φ, and inserting Equation 2.4
into it gives the snow spherical albedo, which can be approximated by [Kokhanovsky
and Zege, 2004]:
r = exp [−A√γ aef ] . (2.6)
The definition of the effective optical snow grain size aef is the radius of a sphere
with the same average volume < V > to average surface area < S > ratio:
< V >
< S >
=
4
3πa
3
ef
4πa2ef
⇒ aef = 3< V >
< S >
. (2.7)
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Figure 2.3: Snow albedo as a function of wavelength a) for different snow grain sizes
at soot concentration CS = 1×10−8, and b) for different soot concentrations at snow
grain size aef = 100 µm (calculated from Equation 2.6 with form factor A = 5.8 [Zege
et al., 2011]). The values for the imaginary part of the complex refractive index of
ice χi are from Warren and Brandt [2008]. The black triangles are measurements at
Dome C, Antarctica [Hudson et al., 2006].
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Figure 2.3 shows the snow albedo as a function of wavelength for different snow grain
sizes (a) and different soot concentrations (b) with form factor A = 5.8 (averaged
value of hexagonal plate- and column-shaped grains) [Zege et al., 2011]. It shows
that smaller grains have larger albedo at all wavelengths, and the snow albedo
overall decreases with wavelength. The albedo minima and maxima are due to ice
absorption features characterized by the imaginary part of the complex refractive
index of ice χ (Figure A.1). At low constant soot concentration (Figure 2.3a), the
snow albedo is similarly high (0.9–1.0) for all grain sizes in the visible wavelength
range. Ice is highly transparent in the visible, for which the probability that the
photon is absorbed is small and does not increase when the grain size is larger. In
the near-infrared, ice is moderately absorptive, and therefore the albedo depends on
the grain size [Dozier et al., 1988]. At constant grain size (Figure 2.3b), the albedo
decreases strongly in the visible with increasing soot concentration, which is highly
absorptive in the visible. In the near-infrared, it is almost transparent and has only
little effect on the albedo. Overall, Figure 2.3 shows that the snow albedo is sensitive
to the snow grain size in the near-infrared, and to soot concentration in the visible.
The black triangles in Figure 2.3a represent spectral snow albedo measurements at
Dome C, Antarctica [Hudson et al., 2006], which agree well with the theoretical
albedo values. However, at wavelengths larger than 1.4 µm, the theoretical values
deviate from the measured ones. The reason is that the snow reflectance theory
presented here is based on the assumption of weakly absorbing media, which is not
valid anymore for larger wavelengths (λ > 1.4 µm) where ice absorption increases
(χ >2×10−5). Another possibility for the disagreement could be vertical snow in-
homogeneity not accounted for in the model of Kokhanovsky and Zege [2004].
The bidirectional reflection function of snow (Equation 2.3) does not show a depen-
dence on the snow density or snow wetness. The dependence of snow density on the
reflectance was examined in field measurements, where snow was compacted by a
snow mobile. The reflectance before and after the compression changed only little
(by 1%) [Bohren and Beschta, 1979]. Wet snow with a typical liquid water content
of 5%–6% [Dozier et al., 1988] should also not affect the reflectance significantly, as
the absorption coefficient γ of water is similar to that of ice at most wavelengths in
the visible and near-infrared (see Figure A.1 for the imaginary part of the complex
refractive index χ). The reflectance of snow getting wet generally decreases, but
mainly due to an increase of grain size during snow metamorphism [Dozier et al.,
1988].
2.1.4 Snow grain size
The definitions of microphysical and optical snow grain size are given in Sections
2.1.2 and 2.1.3. The microphysical grain size is a geometrical measure, the optical
grain size tells about reflectance properties of the snow. In this section, the relation
between those two quantities is discussed.
Equation 2.7 relates the optical grain size to the ratio of the volume and the surface
area of a snow crystal. This ratio includes the microphysical grain size for a known
snow crystal shape. Hence, for each type of shape there is a linear relation between
the microphysical and the optical grain size, whereas different shapes may have
different linear relations. For example, the relation of the microphysical and the
optical grain size for a cylindrical-shaped snow crystal with radius r and height h is:
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aef = 3
< V >
< S >
= 3
2πr2h
2πrh+ 2πr2
=
3rh
h+ r
. (2.8)
When assuming plates of h = 1/6r (equivalent to columns of h = 6r), then
aef =
3
7
r. (2.9)
Figure 2.4 shows the relation of microphysical (called traditional) and optical grain
size from field experiments for different types of crystal shapes: rounded, polycrys-
tals, and facets [Painter et al., 2007]. For each type of shape a linear regression
is given, which is on the one hand not very representative within the shape, and
on the other hand rather different between the different shapes. It shows that in
reality, the relation microphysical and optical snow grain size is ambiguous. To a
first approximation, the optical grain size can be estimated from the branch width
of dendrites, the thickness of either thin plates or dendrites, the diameter of needles,
or the shell thickness of hollow crystals [Fierz et al., 2009; Aoki et al., 2003; Ma¨tzler,
2002].
Figure 2.4: Relation of microphysical (called traditional) and optical grain size from
field experiments for different crystal shapes (colored symbols). For each shape
a linear regression is given (dashed lines). The black line is the 1:1 line (Source:
Painter et al. [2007]).
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2.1.5 Penetration of sunlight into snow
Snow is a medium of closely-packed snow grains with various sizes, shapes and
orientations. Sunlight entering into the snowpack is attenuated with depth (i.e.,
absorbed, reflected, and scattered). The light intensity I(z) as a function of depth
z (in deep snow layers) is described by [Domine´ et al., 2008]:
I(z) ∝ e−α0(λ)z, (2.10)
where α0(λ) is the asymptotic flux extinction coefficient of snow (Appendix A.2):
α0(λ) = 3
ρsnow
ρice

2π
χ
λaef
ϕ(ξ)(1− g(ξ)). (2.11)
ρsnow is the density of snow, ρice = 917 kg/m
3 the density of ice, χ the imaginary part
of the complex refractive index of ice [Warren and Brandt, 2008], λ the wavelength,
aef the effective optical snow grain size (radius), ϕ(ξ) the absorption enhancement
parameter, and g(ξ) the asymmetry parameter (the average cosine over the phase
function). ϕ(ξ) and g(ξ) depend on the shape of the particle, represented by a
parameter ξ (for spheroids ξ = a/b where a and b are the lengths of the symmetry
axes). For spheres, ϕ(ξ) ≈ 1.27 and g(ξ) ≈ 0.89 [Kokhanovsky and Zege, 2004]. For
Koch-fractals, ϕ(ξ) ≈ 1.84 and g(ξ) ≈ 0.75 [Kokhanovsky and Zege, 2004]. For a
mixture of hexagonal plates and columns, ϕ(ξ) ≈ 1.5 and g(ξ) ≈ 0.84 [Zege et al.,
2011]. The depth z until the radiation is reduced by e−1 (≈ 37%) is the e-folding
depth ϵ(λ) (in deep snow layers):
ϵ(λ) = 1/α0(λ). (2.12)
Figure 2.5 shows the e-folding depth of different snow grain sizes (colors) and snow
densities (plots a–c) as a function of wavelength, using the hexagonal particle model.
It reveals that the e-folding depth of snow decreases with increasing wavelength, that
larger snow grain size leads to larger e-folding depth, and that higher snow density
leads to smaller e-folding depth.
Cases of large snow grain size and low snow density (e.g., red curve in Figure 2.5a),
as well as small snow grain size and high snow density (e.g., blue curve in Figure 2.5c)
are rare in nature. Table 2.3 shows the e-folding depths of typical snow grain size
and density cases for the MODIS Channels 3, 2, and 5 (used in this work).
Table 2.3: E-folding depth of hexagonal snow particles (ϕ(ξ) ≈ 1.5 and g(ξ) ≈ 0.84
[Zege et al., 2011]) for MODIS Channels 3, 2, and 5. The values are for cases of
50 µm grains at 100 kg/m3, 250 µm grains at 300 kg/m3, and 1000 µm grains at
500 kg/m3.
MODIS E-folding
Channel depth [cm]
3 (at 0.47 µm) 64–86
2 (at 0.86 µm) 2.6–3.5
5 (at 1.24 µm) 0.4–0.6
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Figure 2.5: E-folding depth of hexagonal snow particles (ϕ(ξ) ≈ 1.5 and g(ξ) ≈ 0.84)
as function of wavelength for different snow grain sizes (colors) and snow densities
(plots a–c).
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2.1.6 Historic overview on snow optics
The theory of the spectral reflectance and albedo of snow was first established in
the early 1980ies by Wiscombe and Warren [1980a,b]; Warren [1982, 1984]. In their
snow reflectance model, snow is considered as a layer of large independent spherical
particles. It is based on Mie calculations for the snow optical properties and an
inversion scheme of radiative transfer equations. This theory has widely been used in
the past to retrieve the snow grain size from spectral snow reflectance measurements
(Nolin and Dozier [1993, 2000], Fily et al. [1997], Li et al. [2001], Painter et al. [2003],
Stamnes et al. [2007]; Aoki et al. [2007]; Hori et al. [2007]) (Section 2.2.3).
After several experimental studies on snow optical properties (Aoki et al. [2000,
2003]; Kokhanovsky et al. [2005]) and microphysical properties (Matzl and Schnee-
beli [2006]; Kerbrat et al. [2008]), snow was considered as a medium of multiply-
scattering, closely-packed, irregularly-shaped grains. The first model that matches
these snow characteristics was introduced by Zege et al. [1998], and developed fur-
ther in the following years. It uses geometrical optics for the snow optical properties
[Kokhanovsky and Zege, 2004] and an analytical asymptotic solution of radiative
transfer equations [Zege et al., 1991]. This new approach has recently been used for
the retrieval of snow grain size using optical satellite data (Tedesco and Kokhanovsky
[2007]; Zege et al. [2008]; Lyapustin et al. [2009]). The unique feature of the Zege
et al. [2008] retrieval is that it does not assume spherical snow particles, but a mix-
ture of different shapes typically occurring in snow (hexagonal plates and columns).
It also has a reduced influence of the reflection characteristics for different particle
shapes.
Measurements of the spectral reflectance and albedo of snow have for instance been
done by Grenfell and Maykut [1977]; Kuhn and Siogas [1978]; Grenfell and Perovich
[1984]. Those measured spectra could be reproduced well by the theory in the
near-infrared, but not in the visible. It was assumed that soot particles in the
snow reduced the reflectance in the visible [Grenfell et al., 1994]. Later spectral
measurements were performed in designated clean snow areas on Antarctica where
the amount of soot was negligible (at South Pole Station and Vostok by Grenfell
et al. [1994], and at Dome C by Hudson et al. [2006]). Those measured spectra could
be reproduced well by the theory in the visible and near-infrared.
Reviews on the research of snow physical properties and remote sensing is given by
Domine´ et al. [2008]; Dozier and Painter [2004]; Dozier et al. [2009]; Kokhanovsky
et al. [2011].
2.2 Remote sensing of snow
Large-scale observations of snow properties in polar regions can only be achieved by
using remote sensing techniques from satellites. As snow has distinct characteristics
in the optical (visible and near-infrared) wavelength for different grain sizes, optical
satellite data are used in this work. Remote sensing instruments measure physical
quantities, predominantly electromagnetic radiation, of a medium. The process
of computing geophysical properties from the physical remote sensing data of the
medium is called retrieval. Section 2.2.1 describes the basics of remote sensing of
snow using data from optical sensors measuring the sunlight reflected by the snow
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surface. Section 2.2.2 tells about conditions for the retrieval of snow properties with
passive optical remote sensing data. Section 2.2.3 gives an overview of existing snow
grain size retrievals and of satellite instruments they use.
2.2.1 Passive optical satellite remote sensing
Remote sensing, in general, is a technique of measuring properties of a target with-
out being in physical contact with the target. In Earth science, many remote sensing
instruments are operated on airplanes and satellites. They measure electromagnetic
radiation or acoustic waves, from which geophysical parameters, e.g., sea surface
temperature, can be inferred. The advantages of satellite remote sensing are large
spatial coverage and observations over long time periods. This is especially impor-
tant for remote places like polar regions where in-situ measurements are sparse.
Passive optical remote sensing instruments measure the amount of sunlight reflected
by clouds or by the Earth’s surface in the wavelength range from 0.4 µm to 3.0 µm.
Observing surface parameters require to pre-process the measured data for the atmo-
spheric influence. First, the light travels through the atmosphere and gets scattered
and absorbed by atmospheric gases and aerosols, for which atmospheric correction is
needed. Second, clouds may be present in the light path and have to be screened out.
As a consequence, passive optical remote sensing require two conditions: sunlight
and cloud freeness.
A proven airborne passive optical remote sensing instrument is the
• AVIRIS (Airborne Visible Infrared Imaging Spectrometer)
http://aviris.jpl.nasa.gov/html/aviris.concept.html
operated by the National Aeronautics and Space Administration (NASA). It has
224 contiguous spectral channels with a channel width of 10 nm measuring in the
range from 0.4–2.5 µm. The pixel size and swath width depend on the altitude of
the aircraft. At 20 km above the ground, the pixel size is 20 m and the swath width
11 km.
The currently most common passive optical satellite remote sensing instruments
observing the Earth’s surface are:
• MODIS (Moderate Resolution Imaging Spectrometer)
http://modis.gsfc.nasa.gov/about/specifications.php
• SeaWiFS (Sea-viewing Wide Field-of-view Sensor)
http://oceancolor.gsfc.nasa.gov/SeaWiFS/SEASTAR/SPACECRAFT.html
• ETM+ (Enhanced Thematic Mapper Plus)
http://landsat.gsfc.nasa.gov/about/etm+.html
operated by the National Aeronautics and Space Administration (NASA).
• AVHRR/3 (Advanced Very High Resolution Radiometer)
http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html
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operated by the National Oceanic and Atmospheric Administration (NOAA).
• MERIS (Medium Resolution Imaging Spectrometer)
http://envisat.esa.int/instruments/meris/
• AATSR (Advanced Along-Track Scanning Radiometer)
http://envisat.esa.int/earth/www/object/index.cfm?fobjectid=3773
operated by the European Space Agency (ESA).
• GLI (Global Imager)
http://www.eorc.jaxa.jp/en/hatoyama/satellite/sendata/gli e.html
operated by the Japan Aerospace Exploration Agency (JAXA).
The spectral range, the spatial resolution, and the swath width of the satellite in-
struments are given in Table 2.4. Among these instruments the following can be
grouped according to similar spectral channels and similar spatial resolution:
• MODIS, AVHRR/3, AATSR, and GLI measure electromagnetic radiation in
the visible, near-infrared, and thermal infrared range. The spatial resolution
is on the order of 250 m to 1 km.
• SeaWiFS and MERIS measure electromagnetic radiation in the visible and
near-infrared up to 0.9 µm and 1 µm, respectively. The spatial resolution is
on the order of 260 m to 4.5 km.
• ETM+ Landsat measures electromagnetic radiation in the visible, near-infrared,
and thermal infrared range. The spatial resolution is 30 m.
Table 2.4: Passive optical satellite remote sensing instruments with their spectral
range, spatial resolution and swath width.
Instrument Operator Spectral Spatial Swath
range [µm] resolution [km] width [km]
MODIS NASA 0.46–14.40 0.25–1.0 2030
SeaWiFS NASA 0.40–0.89 1.10–4.5 2800
ETM+ NASA 0.45–12.50 0.03 183
AVHRR/3 NOAA 0.58–12.50 1.1 2500
MERIS ESA 0.39–1.04 0.26–1.2 1150
AATSR ESA 0.55–10.85 1.0 500
GLI JAXA 0.38–12.50 0.25–1.0 1600
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2.2.2 Retrieval conditions using optical data
The application of a snow grain size retrieval using remote sensing data requires two
conditions: It needs clear sky and daylight, therefore the observation period in polar
regions is restricted to the daylight period in spring, summer, and autumn. Second,
the surface must be homogeneous (i.e., no rocks or mountain shadows) within the
footprint of the sensor. Areas in polar regions that fulfill this criterion can be found
on Greenland and Antarctica. Snow observations on sea ice areas is possible on level
ice that is not deformed (no pressure ridges) nor broken (no leads), which can for
example be found on Elson Lagoon near Barrow, Alaska, or at Hudson Bay, Canada.
Furthermore, as the snow grain size retrieval is defined for semi-infinite snow, it
must have a thickness of several centimeters depending on the wavelength channels
used for the retrieval (Section 2.1.3).
2.2.3 Snow grain size retrievals
The retrieval of snow grain size became relevant when mid and high resolution
spectral optical remote sensing instruments were available on satellite platforms.
This section describes the existing snow grain size retrievals, which are summarized
in Table 2.5.
Nolin and Dozier [1993] use the radiative transfer model DISORT (Discrete Ordi-
nates Radiative Transfer program for a multi-layered plane-parallel medium) [Stamnes
et al., 1988] to model the relationship between snow grain size and reflectance at
1.03 µm for a large range of snow grain sizes, solar zenith and viewing angles. They
found an exponential relationship of reflectance versus snow grain size, which could
be solved by inverse methods. For the optical properties of snow they use Mie theory
assuming spherical particles. The retrieval is applied to data at 1.03 µm from the
airborne instrument AVIRIS. They mention that the retrieval method is sensitive to
instrument noise and that the viewing geometry must be known precisely.
In a subsequent study, Nolin and Dozier [2000] use the same snow reflectance model,
but then model the snow reflectance for 17 AVIRIS channels ranging from 0.95–
1.09 µm. These data are used to calculate the scaled band area of the ice absorption
centered at 1.03 µm for various snow grain sizes, from which a look-up table is
created. They state that this approach of snow grain size retrieval is less sensitive to
instrument noise and to illumination effects by topography and viewing geometry.
Li et al. [2001] use the snow reflectance model of DISORT and Mie theory, and cal-
culate the snow grain size at four AVIRIS wavelengths: 0.86 µm, 1.05 µm, 1.24 µm,
and 1.73 µm. They find decreasing snow grain size values for increasing wavelength
due to decreasing e-folding depth.
Painter et al. [2003] retrieve the snow grain size of subpixel snow-covered areas in
alpine regions, where each pixel is considered as a mixture of snow, vegetation,
rock, and soil. They use spectral signatures of different snow grain sizes from the
DISORT model and Mie theory, and spectral signatures of vegetation, rock, and soil
from field and laboratory measurements. They perform spectral mixture analysis
assuming that the radiance measured at the sensor is a linear combination of the
radiances of each surface type. The retrieval uses the full range of AVIRIS data in
the visible and near-infrared wavelength.
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Fily et al. [1997] use the snow reflectance model of DISORT and Mie theory to
retrieve snow grain size in alpine regions by using Landsat Thematic Mapper data
of Channels 4 (0.85 µm), 5 (1.65 µm), and 7 (2.2 µm). They model the reflectances
for various snow grain sizes and viewing geometries, and solve the relationship of
reflectance and grain size by inverse methods (only data of Channels 5 and 7 could
be inverted). They mention that the retrieval method is limited to areas where the
slope of the surface is known.
Stamnes et al. [2007]; Aoki et al. [2007]; Hori et al. [2007] use the radiative transfer
models DISORT and the atmospheric transmission model MODTRAN (Moderate
Resolution Atmospheric Transmission) to generate look-up tables of reflectances
for various snow grain sizes and viewing geometries. They also use Mie theory to
calculate the snow optical properties assuming spherical particles. The retrieval is
applied to data from the satellite instruments GLI and MODIS. The GLI Channels
are 28 (1.64 µm) for the snow grain size of the top layer, and 5 (0.46 µm) and
19 (0.865 µm) for the snow grain size and soot concentration in lower layers. The
corresponding MODIS Channels are 6 (1.64 µm), 3 (0.47 µm), and 2 (0.86 µm).
Scambos et al. [2007] retrieve the snow grain size by using the normalized channel
ratios of MODIS Channels 1 (0.66 µm) and 2 (0.86 µm). These are modeled for
a large range of snow grain sizes and viewing geometries from which a look-up
table is created. The snow reflectance model basis on the Santa Barbara DISORT
Atmospheric Radiative Transfer model (SBDART) and Mie theory for the optical
snow properties assuming spherical particles.
Tedesco and Kokhanovsky [2007] use the Asymptotic Radiative transfer Theory
(ART) [Kokhanovsky and Zege, 2004] for semi-infinite weakly absorbing media. For
the snow optical properties a fractal particle model is used [Macke et al., 1996]. The
model is solved analytically using one channel. The retrieval is applied to MODIS
data using Channel 5 (1.24 µm).
Lyapustin et al. [2009] use the ART model for semi-infinite weakly absorbing media.
For the snow optical properties a fractal particle model is used [Macke et al., 1996].
The model is solved analytically using the ratio of two channels. The retrieval is
applied to MODIS data using Channel 1 (0.65 µm) and 5 (1.24 µm).
Zege et al. [2008, 2011] use the ART model for semi-infinite weakly absorbing media.
For the snow optical properties geometrical optics are used to calculate average
values over different particle shapes (hexagonal plates and columns). The retrieval
uses three channels simultaneously to compute the snow grain size, the impurity
amount, and to eliminate the bidirectional reflectance distribution function of snow,
which strongly depends on the particle shape (Section 2.1.3). This reduces the
influence of the particle shape on the retrieval. Further description of the retrieval
is given in Chapter 3.
Most of the snow grain retrieval algorithms use Mie theory assuming spherical par-
ticles. This is a drawback as snow grain are mostly non-spherical (Section 2.1.2).
Therefore, the retrieval of Zege et al. [2008, 2011] has been selected for this work,
assuming non-spherical particles.
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Table 2.5: Overview of different snow grain size retrieval procedures.
Authors Snow reflectance model Instrument Channels
Nolin and Dozier [1993] DISORT AVIRIS 1 channel:
Mie theory 1.03 µm
Inverse methods
Fily et al. [1997] DISORT Landsat TM 3 channels:
Mie theory 0.85, 1.65, 2.2 µm
Inverse methods
Nolin and Dozier [2000] DISORT AVIRIS 17 channels:
Mie theory 0.95–1.09 µm
Scaled band area method
Li et al. [2001] DISORT AVIRIS 4 channels:
Mie theory 0.86, 1.05, 1.24,
Inverse methods and 1.73 µm
Painter et al. [2003] DISORT AVIRIS all channels:
Mie theory 0.5–2.5 µm
Spectral mixture analysis
Stamnes et al. [2007] DISORT / MODTRAN GLI 3 channels:
Aoki et al. [2007] Mie theory MODIS 0.47, 0.86, 1.64 µm
Hori et al. [2007] Look-up tables
Scambos et al. [2007] SBDART MODIS 2 channels:
Mie theory 0.65, 0.86 µm
Normalized channel ratios
Tedesco and ART MODIS 1 channel:
Kokhanovsky [2007] Fractal particle model 1.24 µm
Analytical solution
Lyapustin et al. [2009] ART MODIS 2 channels:
Fractal particle model 0.65, 1.24 µm
Analytical solution
Zege et al. [2008] ART MODIS 3 channels:
Zege et al. [2011] Geometrical optics 0.47, 0.86, 1.24 µm
This work Analytical solution
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2.3 The spectroradiometer MODIS
As this work is based on data from the MODIS instrument, it is described in more
detail here. It is an optical and infrared passive satellite remote sensing instru-
ment. Section 2.3.1 gives the technical specifications of the MODIS instrument and
a channel listing. Section 2.3.2 tells about the performance of the MODIS instru-
ment and general issues introducing noise and errors to the data. Section 2.3.3 gives
an overview of the MODIS data products used in this work.
2.3.1 Specifications
The MODIS instrument is operating on a sun-synchronous, near-polar orbit on the
satellites Terra (since 1999) and Aqua (since 2002) at a orbit height of 705 km. It
has 20 optical channels measuring the reflected sunlight (0.4 µm to 2.2 µm) and
16 infrared channels measuring the thermal emission (3.7 µm to 14.4 µm). The
spatial resolution is 250 m (Channels 1 and 2), 500 m (Channels 3 to 7), and 1 km
(Channels 8 to 36). The details of the 20 optical channels are given in Table 2.6.
The swath width of 2030 km allows imaging the entire Earth every 1 to 2 days.
MODIS is a nadir-looking, cross-track scanning instrument using a constantly ro-
tating double-sided mirror (Figure 2.6). This collects the radiation from the Earth’s
surface and reflects it into a telescope. Thereafter, the radiation is spectrally divided
by beam splitters and projected by objectives onto one of the four different focal
plane assemblies (FPA): a visible (VIS), a near-infrared (NIR), a short- and mid-
wavelength infrared (SWIR/MWIR), and a long-wavelength infrared (LWIR). The
FPAs consist of detector arrays with 40 (250 m channels), 20 (500 m channels), or
10 (1 km channels) single detectors measuring the amount of photons. The output
signals of the FPAs (sensor counts) are digitized, processed, packetized, and stored
locally. Finally, the data are transmitted to a ground station. The details of the
MODIS instrument are given in Barnes et al. [1998].
Figure 2.6: Sketch of the MODIS signal path (modified from Barnes et al. [1998])
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Table 2.6: Specifications of the optical MODIS channels: primary use, channel
width, saturation in reflectance values, and required signal to noise ratio (SNR)
[Barnes et al., 1998].
Primary Use Ch. Wavelength [nm] Saturation SNR
Land/Cloud/Aerosol 1 620–670 1.5555 128
Boundaries 2 841–876 1.0490 201
Land/Cloud/Aerosols 3 459–479 1.0696 243
Properties 4 545–565 1.0130 228
5 1230–1250 0.8420 74
6 1628–1652 1.0338 275
7 2105–2155 0.3249 110
Ocean Color 8 405–420 0.3728 880
Phytoplankton 9 438–448 0.2593 838
Biogeochemistry 10 483–493 0.1913 802
11 526–536 0.1580 754
12 546–556 0.1243 750
13 662–672 0.0750 910
14 673–683 0.0748 1087
15 743–753 0.0741 586
16 862–877 0.0599 516
Atmospheric 17 890–920 0.7490 167
Water Vapor 18 931–941 1.1422 57
19 915–965 0.8944 250
26 1360–1390 0.8944 1504
2.3.2 Performance
The performance of the two MODIS instruments regarding geolocation and radio-
metric quality is good. The geolocation accuracy is within 50 m at nadir [Wolfe
et al., 2002], and the signal-to-noise-ratios for all reflectance channels (except Chan-
nel 7) are well above the required values (Table 2.6) [Barnes et al., 2003]. Overall,
the performance of the MODIS Aqua instrument is better than the MODIS Terra
instrument [Xiong et al., 2010]. The findings on the comparison of both instruments
specific to the snow grain size retrieval will be presented in Sections 3.6 and 3.7.1.
There are two main issues that introduce noise and errors into the data:
• striping artifacts between single detectors
• optical and electronic cross-talk, thermal leakage
Striping artifacts
The images of the MODIS instrument show striping artifacts as the single detectors
of the detector array were calibrated independently [Gumley et al., 2005]. The
detector array consists of either 10, 20, or 40 single detectors, corresponding to
1 km, 500 m, and 250 m resolution on ground, respectively. Furthermore, the two
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sides of the double-sided scan mirror were calibrated independently.
There are four different kinds of striping artifacts :
• detector to detector striping appears within one detector array
• mirror side striping appears for each mirror side between detector arrays
• noisy detector striping appears when single detectors do not work properly
• non-working detectors
Examples of the four kinds of stripes are shown later in Figure 3.9. The detector
to detector striping and the mirror side striping have a regular pattern and can
therefore be corrected (Section 3.7.1). A destriping routine is implemented for the
Level 1B data of the infrared channels by NASA, but not for the optical channels.
The data of noisy detectors should be excluded if it cannot be corrected. A list of
non-working or noisy detectors is given at http://mcst.gsfc.nasa.gov/index.php.
Optical and electronic crosstalk, thermal leakage
Optical crosstalk happens when the photons intended for one channel reflect onto
a neighboring channel, as spectral band pass filters, blocking filters and their sub-
strates are located directly above the detector arrays [Xiong et al., 2003]. The
optical crosstalk in the MODIS data is caused by scattering off the bottom edge of
the spectral filter of Channel 31, which reflects the radiation between the filters and
the detectors for Channels 32–36. This effect is corrected by subtracting a small
portion of the detector response of Channel 31’s nearest detector from the Channels
32–36 response [Guenther et al., 2002].
Electronic crosstalk happens when electromagnetic signals of neighboring circuits
interfere with each other. The electronic crosstalk in the MODIS data is believed
to be related to incomplete restoration of the baseline voltage on the capacitor used
for signal integration in the FPA electronics. This leads to radiometric errors of
10% for the Channels 5, 6, 7, and 26, and 5% for the Channels 20–25. This effect is
reduced by changing the detector bias voltage level that minimizes the errors. The
magnitude of this correction hasn’t been quantified yet [Guenther et al., 2002].
The thermal leakage in the MODIS data is due to spectral out-of-band blocking
filters not covering the complete wavelength range, such that Channels 5, 6, 7 and
26 respond to radiances near 5.3 µm. This effect is corrected by using the radiances
of Channel 28, whose spectral weighting function is closest in most geophysical
conditions to the radiances at 5.3 µm [Guenther et al., 2002].
In general, the errors in the MODIS Aqua data are smaller than in the Terra data.
The uncertainty of each MODIS measurement is given in the MODIS L1B data
product. The current status and performance of the MODIS instruments is given
on http://mcst.gsfc.nasa.gov/index.php.
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2.3.3 Data products
The MODIS data are available at different processing levels: The Level 1A data
contain the raw sensor counts, the Level 1B data the calibrated and geolocated
radiance data. All higher level products are derived from the Level 1 data. The
data products used in this thesis are:
1. The MODIS Level 1B product (MOD02) is used as input data to the SGSP
retrieval. It contains the calibrated and geolocated radiance data. Each file,
called granule, covers a region of 2030 km (along track) x 1354 km (cross track)
on Earth, which corresponds to 5 minutes of data. There are three file types
depending on the resolution of the channels: 250 m (MOD02QKM: Chan-
nels 1 and 2), 500 m (MOD02HKM: Channels 1–7), and 1 km (MOD021KM:
Channels 1–36). In the 500 m and 1 km resolution files, the higher resolution
channels are downsampled to that respective lower resolution [Toller et al.,
2006; Guenther et al., 1998].
2. The MODIS cloud mask product (MOD35) is used for masking out clouds in
the SGSP retrieval process. It uses thresholds of several channels and channel
differences to determine flags that indicate the probability of cloud presence:
cloudy (00), uncertain clear (01), probably clear (10), and confident clear (11)
[Ackerman et al., 1998]. The MOD35 data are available as granules equivalent
to the MOD02 data.
3. The MODIS 16-days BRDF/albedo product (MOD43) is used for a compar-
ison with albedo data derived from the SGSP-retrieved snow grain size. The
product is based on surface reflectance data (MOD09) that have been corrected
for aerosol and atmospheric effects. During the 16 day period each point on
Earth is observed multiple times under different viewing angles. These data
are used to characterize the surface BRDF and the albedo. The output data
are gridded on a global 1 km integerized sinusoidal grid and is segmented into
tiles, each one consisting of 1200x1200 pixels [Schaaf et al., 2002].
Chapter 3
The SGSP retrieval
The Snow Grain Size and Pollution amount (SGSP) retrieval, developed by Zege
et al. [1998, 2008, 2011], computes the snow grain size and impurity amount us-
ing optical satellite data. It uses a snow reflectance model based on an analytical
asymptotic solution of the radiative transfer theory and on geometrical optics for
the optical properties of snow. The new approach of the SGSP algorithm is the
reduced dependence on the particle shape and the applicability at high solar zenith
angles up to 75◦ (elevation angle of 15◦).
Section 3.1 describes the theory of the SGSP algorithm. Section 3.2 contains the
atmospheric model used in the SGSP retrieval. Section 3.3 highlights the char-
acteristics of the SGSP retrieval that distinguishes it from other snow grain size
retrievals. In Section 3.4, the choice of spectral channels and satellite instruments
suitable for the SGSP retrieval are discussed. Section 3.5 describes the near-real
time processing chain of MODIS data, which has been developed in this work. Sec-
tion 3.6 shows a comparison of the data from the two satellite instruments MODIS
Terra and MODIS Aqua. Section 3.7 describes the MODIS destriping and snow
pixel extraction method. In Section 3.8, sensitivity studies of the SGSP retrieval
are presented: about the error estimates, about vertically inhomogeneous snow, and
about the effect of thin cirrus clouds.
3.1 Algorithm description
The SGSP algorithm computes the size of snow grains and impurity amount (here:
the soot concentration) using optical satellite data (here MODIS Channels 3, 2, and
5 at wavelengths 0.47 µm, 0.86 µm and 1.24 µm). It uses the Asymptotic Radiative
transfer Theory (ART) based on the following assumptions [Kokhanovsky and Zege,
2004; Zege et al., 2008]:
• Snow is a multiply scattering medium with randomly-oriented, irregularly-
shaped, closely-packed grains.
• Geometrical optics equations are used as the size of snow grains is much larger
than the wavelength in the visible and near-infrared.
• Analytical asymptotic solutions of the radiative transfer theory are used.
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• The snow reflectance theory is valid in the limit of weak ice absorption (λ <
1.4 µm: χ < 2× 10−5).
• Snow vertical and horizontal inhomogeneity can be neglected.
The basic equation of light reflected by a semi-infinite snow layer, which is considered
as a multiply scattering medium with randomly-oriented, irregularly-shaped, closely-
packed grains, is [Zege et al., 1991; Kokhanovsky and Zege, 2004; Zege et al., 2008]
(Section 2.1.3 and Appendix A.1):
Ri(θ, θ0, φ) = R0(θ, θ0, φ)exp(−A√γiaeff(θ, θ0, φ)) (3.1)
where γi = 4π(χi + κCS)/λi, and f(θ, θ0, φ) = K0(θ)K0(θ0)/R0(θ, θ0, φ).
The indices i refer to the MODIS Channel number i. Ri is the normalized snow
reflectance which is the reflectance received by the instrument divided by the cosine
of the solar zenith angle. R0 is the bidirectional reflectance distribution function
(BRDF) of snow depending on the phase function. Both are functions of the solar
zenith angle θ0, the viewing zenith angle θ, and the relative azimuth angle φ. A
is a form factor (Equation A.13) depending on the shape of the snow crystal. In
this thesis A = 5.8 [Zege et al., 2011] is used, which is an average over a fifty-
fifty mixture of randomly oriented hexagonal plates (with aspect ratio of 1/4) and
columns (with aspect ratio of 4/1) with rough surfaces. For spheres, A = 6.4, and for
Koch-fractals A = 5.1 (Appendix A.1). K0 is the escape function that determines
the angular distribution (for θ or θ0) of light escaping from a semi-infinite medium
(Appendix A.1). λi is the wavelength, and χi the imaginary part of the complex
refractive index of ice (Table A.1). The value of κ depends on the type of pollutant,
in this work it is assumed that κ = 0.2 [Zege et al., 2008]. CS is the relative
volumetric soot concentration, and aef the effective snow grain size (optical snow
grain size, i.e., the radius a sphere with the same volume to surface area ratio would
have, Equation 2.7).
The new approach of the SGSP algorithm is to use three spectral channels (con-
ventionally two channels are used) in order to determine the two parameters, snow
grain size and soot concentration, and to eliminate the influence of the BRDF from
the retrieval. The BRDF defines how light is reflected at an opaque surface and
depends on the phase function of the medium only. The phase function in turn
depends on the particle shape and the real part of the complex refractive index. As
the latter only depends weakly on wavelength in the visible and near-infrared, the
spectral dependence on the phase function and thus the BRDF is negligible [Zege
et al., 2011].
By eliminating the BRDF term, the influence of the grain shape on the snow grain
size retrieval is reduced. Most existing snow grain size algorithms assume the BRDF
of spherical snow particles, which may lead to incorrect results as snow grains have
various types of shapes (e.g., plates, columns, fractals) and are mostly not spherical.
However, the SGSP retrieval is still not completely independent of the particle shape
as the form factor A and the escape functionK0 weakly depend on the particle shape.
A detailed description of the SGSP algorithm is given in Zege et al. [2008, 2011].
grains below), the SGSP-retrieved grain size is closer to the top layer grain size.
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3.2 The atmosphere model
In Section 3.1 the bidirectional reflection function of snow is described for measure-
ments directly on the ground, i.e., without atmospheric influence. For the snow
grain size retrieval using satellite data, the snow-atmosphere radiative interaction
has to be taken into account.
The atmospherically corrected reflectance ∆Ri(θ, θ0, φ) of the radiance at the MODIS
Channel i is the difference between the top-of-the-atmosphere reflectance RTOAi mea-
sured by the sensor and the atmospheric reflectance RAtmi (θ, θ0, φ) when illuminated
from above [Zege et al., 2011]:
∆Ri(θ, θ0, φ) = R
TOA
i (θ, θ0, φ)−RAtmi (θ, θ0, φ) (3.2)
The term ∆Ri(θ, θ0, φ) can be modeled by [Zege et al., 2011]:
∆Ri(θ, θ0, φ) = ti(θ) (Ri(θ, θ0, φ)− ri) ti(θ0) + Ti(θ) ri
1− rirAtmi
Ti(θ0) (3.3)
ti is the atmospheric transmission of quasi-direct light. Ti is the diffuse transmission
coefficient of the atmosphere when illuminated from above. Ri(θ, θ0, φ) is the snow
bidirectional reflection function (Equation 3.1). ri is the snow albedo (Equation 2.6).
rAtmi is the atmospheric albedo when illuminated from below.
The atmospheric characteristics RAtmi , ti, Ti, and r
Atm
i are calculated by the radiative
transfer code RAY described in Tynes et al. [2001]. In this work, constant atmo-
spheric conditions are used: Subarctic winter of a molecular atmosphere (describing
the Rayleigh scattering and gases absorption) [Lenoble, 1986] and Arctic Background
aerosols (the minimal amount of aerosols observed in the Arctic) [Tomasi et al., 2007].
Equation 3.3 (including Equation 3.1) is non-linear and cannot be solved for aef and
CS analytically. Therefore, an iteration scheme is used. The starting values for aef
and CS are found by the least-squares method with the assumption that the snow
BRDF is isotropic (R0 = 1). The iteration loop stops when the convergence criterion
∆aef
aef
< 0.001 and
∆CS
CS
< 0.001 (3.4)
is reached. Usually this takes 5 to 6 iterations. A detailed description of the atmo-
sphere model is given in Zege et al. [2011].
3.3 Retrieval characteristics
The main characteristics of the SGSP retrieval that distinguishes it from other ex-
isting retrievals is the reduced dependency on the snow particle shape and the ap-
plicability at high solar zenith angles up to 75◦ [Zege et al., 2008, 2011].
Being less dependent on the particle shape is important, as the snow grains have
various kinds of shapes (Section 2.1.2) with different optical properties. The term
in the snow reflection (Equation 2.3) that strongly depends on the particle shape is
the BRDF which in turn depends on the phase function. In Figure 3.1, the phase
functions for spherical (solid lines) and non-spherical (hexagonal plates and columns,
dashed lines) snow particles show large differences at scattering angles, especially
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Figure 3.1: Phase functions as function of scattering angle for spheres (solid lines)
and hexagonal plates and columns with rough surfaces (dashed lines). The different
solid and dashed lines are for the MODIS Channels 3, 2, and 5 at wavelengths
0.47 µm, 0.86 µm, and 1.24 µm (Source: Zege et al. [2011]).
Figure 3.2: Model simulations of snow grain size retrieved by the SGSP retrieval
(circles) for the full range of solar zenith angles. The true grain sizes (dashed lines)
are is 30 µm, 100 µm, 300 µm, and 1000 µm. (Source: Zege et al. [2011])
34 CHAPTER 3. THE SGSP RETRIEVAL
between 60◦ and 130◦. The different solid and dashed lines at the wavelengths
0.47 µm, 0.86 µm, and 1.24 µm also show that the phase function is practically
independent on the wavelength in the visible and near-infrared (Section 3.1). Most
existing snow grain size retrievals assume spherical particles. However, snow grains
are mostly not spherical. The snow grain shape must be known in order to use the
correct phase function for the BRDF. But the a priori knowledge on the grain shape
is not available on large scale for remote areas in polar regions. Therefore, the SGSP
retrieval uses an additional third channel to eliminate the BRDF term.
Being applicable at high solar zenith angles is important, as the largest snow extent is
in the polar regions, where the solar zenith angle is often higher than 60◦ (elevation
angle less than 30◦). The model simulations in Figure 3.2 show that the SGSP
retrieval gives correct results for the snow grain size at solar zenith angles up to 75◦
for grain sizes of 30 µm to 300 µm. At large grain sizes of 1000 µm, the retrieval
underestimates the grain size by up to 40%. The reason is that Equation 3.1 becomes
inaccurate for the strong absorption of large grains at MODIS Channel 5 (1.24 µm)
[Zege et al., 2011]. As such large grain sizes of 1000 µm practically do not exist in
polar regions, this inaccuracy is not crucial.
3.4 Choice of channels and instruments
This section describes, which spectral channels and which satellite instruments are
most suitable for the SGSP retrieval.
The SGSP algorithm (Section 3.1) requires two channels to determine the snow
grain size and soot concentration, and a third one in order to reduce the influence
of the snow crystal shape. Hence, one needs one channel sensitive to soot, one
channel sensitive to snow grain size, and an additional third channel, not too close
to the other two. Channels sensitive to soot are in the visible wavelength range, and
to snow grain size in the near-infrared, as shown in Figure 2.3. Furthermore, the
channels should have a narrow bandwidth and be little influenced by atmospheric
absorption.
Passive satellite instruments that measure in the visible and near-infrared have been
listed in Table 2.4. The requirements for the spectral channels already exclude
most of the mentioned satellite instruments: SeaWiFS, ETM+ Landsat, AVHRR/3,
MERIS, and AATSR do not have a narrow-band channel between 1.0 µm and 1.4 µm.
Finally, the instruments MODIS and GLI are suitable candidates for the SGSP
retrieval.
In this work, optical data from the MODIS instrument are used. The data are
freely available and can be downloaded on an automated request, allowing to use
the data in an automated procedure. As the MODIS instrument has a swath width
of 2030 km, it has a good global coverage, allowing to produce daily time series of
large areas (e.g., Antarctic, Greenland). The MODIS instrument operates on the
satellites Terra and Aqua. As described in Section 2.3.2, the Aqua instrument has
better performance than the Terra instrument. The three MODIS channels for the
SGSP retrieval used in this work are: Channel 3 at 0.47 µm, Channel 2 at 0.86 µm,
and Channel 5 at 1.24 µm.
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3.5 Near-real time processing chain
The application and validation of the SGSP retrieval requires to process maps of
several regions over several days, weeks, or months. In this work, a MODIS near-
real time processing chain has been developed. It is an automated procedure, which
can produce maps of various regions at given times (since beginning of operation
of MODIS in 1999). Figure 3.3 shows the flow chart of the processing chain. In
specification files, the region and the map type attributes can be defined. A region
is defined by the center latitude and longitude coordinates and the dimensions of
the area. The processing chain starts by giving the date, the name of the region
and the name of the image type. It first looks for the MODIS granules (either one
or several) that best cover the specified region for the given date. Those data are
downloaded and the data of the specified map type are produced, including MODIS
destriping for all maps, and the snow pixel extraction for the snow grain size and
soot concentration maps (Section 3.7). The data are then gridded and plotted on a
polar stereographic grid of 250 m, 500 m or 1 km grid cell size. Finally, the output
maps are stored as PNG images and HDF data files on a server (http://www.iup.uni-
bremen.de:8084/amsredata/modis/).
Figure 3.5 shows examples of a false color MODIS RGB composite (a) and the cor-
responding snow grain size image (b). The RGB composite image uses the MODIS
channel combination: R = Channel 3 (0.47 µm), G = Channel 2 (0.86 µm), and B
= Channel 5 (1.24 µm). This combination was chosen in order to easily distinguish
Figure 3.3: Flow chart of the MODIS near-real time processing chain.
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between snow (yellowish/brownish), clouds (whitish/bluish), and water (black). Fig-
ure 3.4 sketches the reflectance of snow, clouds, and water as function of wavelength
in a simplified way (more detailed in Figure 3.17). The reflectance of surface snow
is high in the visible range and decreases in the near-infrared. The reflectance of
clouds and water is rather constant, with clouds having high reflectance and water
low reflectance. The snow grain size image (Figure 3.5b) shows the SGSP-retrieved
grain size as described in Sections 3.1 to 3.4. Clouds and non-snow surface pixels
are masked out (white). On each map, contour lines at 30%, 60%, and 90% ice
concentration can be overlaid. They are computed with the ASI (ARTIST (Arc-
tic Radiation and Turbulence Interaction Study) Sea Ice) algorithm [Spreen et al.,
2008], which uses the 89 GHz channels of the passive microwave sensor AMSR-E
(Advanced Microwave Scanning Radiometer for EOS (Earth Observing System))
aboard the satellite Aqua.
The programming languages used in this work are Python for the processing (select-
ing MODIS granule, reading data, computing snow grain size and soot concentra-
tion), and GMT (Generic Mapping Tool) for the gridding and plotting of the data.
The system environment consists of a desktop computer with two 2 GHz AMD
Opteron 246 processors and 4 GB main memory, on which a Linux operating sys-
tem is running. The whole processing (the selection and downloading of the MODIS
granule, reading the data, gridding, and plotting) of one map of 1000×1000 km takes
about 15 minutes.
Figure 3.4: Reflectance of snow, clouds, and water as function of wavelength (sim-
plified sketch, more detailed in Figure 3.17).
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Figure 3.5: a) False color MODIS RGB composite of the Channels 3, 2, and 5. b)
SGSP-retrieved snow grain size with cloud and non-snow pixel mask (white). The
green, yellow, and red isolines indicate sea ice concentration of 30%, 60%, and 90% as
retrieved from the passive microwave sensor AMSR-E aboard the Aqua spacecraft.
The black rectangle is the averaging region used in Figure 3.6.
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3.6 MODIS input data: Terra versus Aqua
A comparison of the snow grain size computed by the SGSP retrieval between
MODIS Aqua and MODIS Terra input data on the Ross ice shelf reveals a systematic
difference of 50 µm (Figure 3.6h). All plots in Figure 3.6 show the mean values over
an area of 250×250 km2 on the Ross ice shelf centered around −81.85◦/−161.01◦
(black rectangle in Figure 3.5). Figures 3.6a–c show the input reflectance data from
MODIS Terra (red) and MODIS Aqua (blue). The mean differences ∆ of Terra
– Aqua reflectances is −0.03 for Channel 3, −0.05 for Channel 2, and +0.01 for
Channel 5. Those biases might be due to uncertainties in the MODIS data, due
to differences in calibration, or due to different viewing geometries (Figures 3.6d–f).
The latter reason can be excluded as it should affect all channels in the same way, as
the BRDF depends only weakly on wavelength in the visible and near-infrared (Sec-
tion 3.1), but for Channels 2 and 3 the bias is negative, for Channel 5 it is positive.
Investigating the reflectance data R3, R2, and R5 of both instruments (Figure 3.7)
reveals vertical stripes every other line in the Terra R5 data. They can be attributed
to electronic crosstalk and thermal leakage as described in Section 2.3.2. Figure 3.8
shows the histogram of the Terra R5 data from Figure 3.7c. It has two peaks: one
at 0.347 and one at 0.387. As electronic crosstalk and thermal leakage is expected
to lead to higher reflectance values (more sensor counts), the data of the lower peak
can be considered to be the correct data. This means that the Terra R5 data would
have lower values if there were no electronic crosstalk and thermal leakage. Then the
bias of the Terra – Aqua reflectances would be negative for Channel 5 as well and
the SGSP-retrieved grain size would be similar for both sensors. When computing
the snow grain size with the SGSP retrieval without atmospheric correction using
the data of R3, R2, and R5 – 0.04, and the solar and viewing zenith angles, there
is only a small difference between Aqua and Terra input data (Figure 3.6g). This
remaining average difference of 15 µm might be due to the fact that the reflectance
difference between the two peaks in Figure 3.8 of 0.04 might vary for different scenes
and sensor conditions. Correcting the data of Channel 5 shows that the difference
of Channels 2 and 5 is important for the SGSP-retrieved snow grain size. It also
means that small biases in the input reflectance data of Channels 3, 2, and 5 do
not affect the SGSP retrieval if they have the same sign and magnitude. Due to the
errors of Terra R5 data, the Aqua data should be used in the SGSP retrieval unless
the Terra R5 data are corrected. In this work, Aqua data are used primarily. Terra
data are used when no Aqua data were available. Then, those vertical lines of Terra
data are replaced by interpolating between the left and right neighbor pixel, where
the Terra R5 data have higher values than the two neighbors.
An additional finding from the Ross ice shelf data is the small-scale variation (up to
100 µm) of the snow grain size in Figure 3.6h. It is in phase with the solar zenith
angle (i.e., high grain size at high solar zenith angle, and vice versa). A possible
explanation is that the reflectance increases with higher sun elevation (i.e., smaller
zenith angle), accounted for by the BRDF. In the SGSP retrieval, the BRDF is
eliminated by using an additional channel, assuming it is constant with wavelength.
However, there is a small dependence on wavelength by the real part of the complex
refractive index (1.3145 to 1.2973 for MODIS Channels 3, 2, and 5), which may
cause the small-scale variation in the snow grain size.
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Figure 3.6: Time series of a–c) the reflectances for Channels 3 , 2 , and 5, d) the
solar zenith angle, e) the viewing zenith angle, and f) the relative azimuth angle
from MODIS Terra (red) and Aqua (blue). g) shows the SGSP-retrieved snow grain
size (without atmospheric correction) calculated from R3, R2, R5 – 0.04, the solar
and viewing zenith angles. h) shows the SGSP-retrieved snow grain size (including
atmospheric correction). Each point represents the mean value over an area of
250×250 km2 on the Ross ice shelf centered around −81.85◦/−161.01◦. The dashed
lines are the overall mean values. ∆ is the bias of Terra – Aqua data.
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Figure 3.7: Reflectance images of Terra (Jan 8, 2010, 13:15 UTC, upper panel) and
Aqua (Jan 8, 2010, 10:25, lower panel) from Channels 3, 2, and 5. The area is
25×25 km2 centered around −82.5◦/−165◦. The axes labels are in units of 500 m
per pixel.
Figure 3.8: Histogram of the Terra R5 data from Figure 3.7c. The red dashed lines
are the center locations of the two peaks.
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3.7 Data pre-processing
The SGSP retrieval requires two additional pre-processing steps:
1. Removing horizontal striping artifacts in the MODIS images (Section 3.7.1)
2. Separating snow from non-snow pixels (e.g., soil, clouds) (Section 3.7.2)
3.7.1 Destriping of MODIS data
As mentioned in Section 2.3.2, the MODIS images have striping artifacts (Fig-
ure 3.9), which can mostly be corrected. For the infrared channels, a destriping
routine is implemented by NASA for the Level 1B data. In the optical channels the
striping artifacts are less pronounced and the destriping routine is not implemented.
However, when the SGSP retrieval is applied to the MODIS data, striping artifacts
are clearly visible in the snow grain size image. In this work, the destriping routine
by Gumley et al. [2005] is used, which corrects the infrared channels. It is adapted
to be applied to the optical channels.
The Gumley et al. destriping routine is originally based on Weinreb et al. [1989].
The idea of the method is matching the Empirical Distribution Functions (EDF)
of the data from the single detectors. As there is a large number of data points,
the distribution of the measured values should be almost identical for the different
detectors, as they practically see statistically identical scenes. Figure 3.10 shows
an example of the matching process. First, one not noisy reference detector is
determined by visual inspection. Then, the EDFs of the data of all other detectors
P (x) are matched to the EDF of the data of the reference detector Pref(x) by look-
up tables, and the data of each detector is modified accordingly (with x and x′ the
original and the corrected sensors counts):
x′ = P−1ref (P (x)) (3.5)
Figure 3.9: Different kinds of striping a) Detector-to-Detector-Striping (single
stripes), b) Mirror-Side-Striping (bulk stripes), c) Noisy-Detector-Striping (irreg-
ular stripes), d) Non-working detectors.
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Last, the difference of the median of the data before and after the EDF matching is
added to all pixels of the destriped image, such that the original and the corrected
image have the same median. Figure 3.11 shows an example image of the improve-
ment by the destriping algorithm. Figure 3.12 shows the numerical improvement.
The standard deviations between the averages of the data of the individual detector
lines before and after destriping are reduced by two orders of magnitude.
Figure 3.10: Matching the Empirical Distribution Function (EDF) of the data of
one detector to the EDF of the data of the reference detector.
Figure 3.11: Example image of MODIS Channel 2 on Greenland a) before, and b)
after destriping.
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Figure 3.12: Standard deviation of reflectance data across the individual detector
lines before and after destriping for the MODIS Channels 1–7.
3.7.2 Snow pixel extraction
Snow pixel extraction involves cloud screening and distinguishing snow pixels from
other surface type pixels, such as vegetation or bare soil. The simple threshold
methods of
NDSI =
R4−R6
R4 +R6
> 0.4 (3.6)
R2 > 0.11 (3.7)
R4 > 0.1 (3.8)
map pixels above the threshold value as snow [Hall et al., 1995, 2002]. NDSI is the
Normalized Difference Snow Index, R2, R4, and R6 are the reflectances at Channels
2, 4, and 6, respectively. The method works fine for separating snow pixels from other
surface pixels, but for clouds on snow not all clouds pixels are detected. Therefore,
the MODIS cloud mask product MOD35 [Ackerman et al., 1998], based on several
more thresholds, is applied in addition. In this work, the pixels marked as cloudy,
uncertain clear and probably clear in the MODIS data are masked out.
Figure 3.13 shows an example of a MODIS false color RGB image of Channels 3, 2,
and 5 (clouds: gray-whitish, ice: yellow-brownish) without cloud filtering (a), for the
simple threshold method (b), and for the simple threshold method plus the MODIS
cloud mask product (c).
The MODIS cloud mask MOD35 works well for bulky clouds, but not for speckle
cloud patterns. Therefore, a spatial variability cloud mask [Martins et al., 2002]
is applied in addition. It is based on the idea that the reflectance of the snow
on ground does not change strongly between neighboring pixels. It calculates the
standard deviation of a 3×3 neighborhood for the MODIS Channel 2 and masks out
pixels above the reflectance threshold of 0.01. The mask is smoothed by a median
filter of size 15 and then applied to the data. An example of the improvement is
given in Figure 3.14.
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Figure 3.13: MODIS false color RGB image of Channels 3, 2, and 5. a) Image
without cloud mask, b) image with cloud mask (white spots) using the NDSI, R2,
and R4 thresholds, c) image with cloud mask using the NDSI, R2, and R4 thresholds
plus the MODIS cloud mask product.
Figure 3.14: a) MODIS false color RGB image of Channels 3, 2, 5. b) Snow grain
image without spatial variability cloud mask, c) Snow grain image with spatial
variability cloud mask, d) Snow grain image with smoothed spatial variability cloud
mask. For the color coding of b–d see Figure 3.5.
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3.8 Sensitivity studies
In this section, the sensitivity of the SGSP retrieval is examined. Section 3.8.1
estimates the error of the SGSP retrieval due to MODIS instrument uncertainties.
Sections 3.8.2 to 3.8.4 show the influence on the SGSP retrieval regarding vertical
inhomogeneous snow, wet snow, and thin cirrus clouds.
3.8.1 Estimates of the retrieval error
The SGSP retrieval uses as input the reflectance data from the MODIS instrument.
The uncertainties of the MODIS data are given in the MODIS L1B file for each
channel and each pixel. In general, the uncertainty values are rather similar within
one surface type. The uncertainties over snow surfaces for the MODIS Aqua Chan-
nels 3, 2, and 5, observed over several scenes, are given in Table 3.1. R3, R2, and
R5 are the reflectances of MODIS Channels 3, 2, and 5, respectively.
The resulting SGSP-retrieved snow grain size and soot concentration errors are
estimated by a sensitivity study. The reflectances R3, R2, and R5 are calculated
by the forward model (Equations 3.1 and A.4) and then modified according to the
MODIS uncertainty. Then the values of R3, R2, and R5 are put into the SGSP
retrieval.
The SGSP-retrieved snow grain size errors, introduced by uncertainties of one MODIS
channel, are in an acceptable range of 1% to 13% for 100 µm grains, and 1% to 7%
for 1000 µm grains. When the uncertainties occur in two or three channels and have
different signs (Tables 3.2 and 3.3), the snow grain size error may be up to 36% for
100 µm grains, and up to 15% for 1000 µm grains. When the uncertainties have the
same sign for all channels, it results in low snow grain size errors of less than 2%.
This means that the SGSP retrieval is very robust when the channels are influenced
equally.
The resulting SGSP-retrieved soot concentration errors, introduced by uncertainties
of one MODIS channel, can be well above 100% for typical soot concentrations from
1×10−8 to 1×10−7. This does not allow meaningful soot concentration retrievals for
values in this range.
In this work the focus is only on the snow grain size, as soot concentration values are
often too low to be correctly determined by the SGSP retrieval due to instrument
uncertainties of the MODIS sensors.
Table 3.1: Error estimates of the SGSP-retrieved snow grain size aef and soot con-
centration CS introduced by the uncertainties of the Aqua MODIS instrument for
Channels 3, 2, and 5.
MODIS Error of aef Error of CS
Ch. uncertainty 100 µm 1000 µm 1×10−8 1×10−7
±R3 2.6%–3.0% 1%–6% 1%–2% 100%–337% 53%–99%
±R2 1.5%–1.7% 9%–13% 6%–7% 88%–184% 38%–55%
±R5 2.0%–2.3% 8%–9% 3%–4% 22%–28% 6%–7%
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Table 3.2: Error estimates of the SGSP-retrieved snow grain size aef at 100 µm and
1000 µm for uncertainties in two channels.
aef [µm] ±R3±R2 ±R3∓R2 ±R3±R5 ±R3∓R5 ±R2±R5 ±R2∓R5
100 7%–9% 9%–24% 9%–16% 4%–7% 2%–4% 16%–24%
1000 5%–5% 7%–11% 4%–6% 1%–2% 3%–4% 9%–11%
Table 3.3: Error estimates of the SGSP-retrieved snow grain size aef at 100 µm and
1000 µm for uncertainties in three channels.
aef [µm] ±R3±R2±R5 ±R3±R2∓R5 ±R3∓R2±R5 ±R3∓R2∓R5
100 0%–1% 15%–19% 16%–36% 2%–13%
1000 1%–2% 7%–9% 10%–15% 4%–7%
3.8.2 Vertically inhomogeneous snow
The SGSP retrieval uses three channels to retrieve the snow grain size and the soot
concentration. The additional third channel is used in order to make the retrieval
independent of the snow BRDF. Measurements at different wavelengths involve dif-
ferent e-folding depths as explained in Section 2.1.5. For vertically inhomogeneous
snow, this may affect the retrieval results. Figure 3.15 shows different scenarios (a–
g) of a model simulation demonstrating how the SGSP retrieval behaves for different
grain sizes at the MODIS Channels 3, 2, and 5 (at 0.47 µm, 0.86 µm, and 1.24 µm).
The snow grain size (blue) is varied for the three MODIS channels and put into
Figure 3.15: Scenarios a–g of model simulations for different snow grain size values
at the MODIS Channels 3, 2, and 5. In blue: input grain size to the forward model.
In red: SGSP-retrieved grain size.
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the forward model (Equations 3.1 and A.4), which calculates the reflectance values.
These are then put into the SGSP retrieval, which outputs the SGSP-retrieved snow
grain size (red). The viewing angles are kept constant (θ = 20◦, θ0 = 70◦, φ = 110◦).
Three main characteristics of the SGSP retrieval regarding inhomogeneous snow can
be seen by comparing the scenarios a–g in Figure 3.15. First, the retrieved grain size
is nearly independent of Channel 3 (scenarios f,g). Second, when the input grain size
is different for Channels 2 and 5, the retrieved grain size is closer to the input grain
size of Channel 5 (scenarios b,c,d,e), which sees the topmost layer (Section 2.1.5).
Third, when the input grain size in Channel 5 is smaller than in Channel 2 (scenarios
b,e), the retrieved grain size is smaller than the input grain size of Channel 5, and vice
versa, when the input grain size in Channel 5 is larger than in Channel 2 (scenarios
c,d), the retrieved grain size is larger than the input grain size of Channel 5. As
in general the snow grain size increases with depth, scenario b is more likely than
scenario c in nature. Scenario c may occur for wet snow metamorphism, when snow
in the upper layer warms first, leading to an enhanced the grain growth.
A more general view on how the SGSP retrieval behaves for vertically inhomogeneous
snow layers is shown in Figure 3.16. For each line, the input snow grain size to the
forward model of two channels is kept constant at 100 µm, whereas the grain size
of the third channel (Channel 5 in blue, Channel 2 in green, Channel 3 in red) is
varied in the range from 0 µm to 200 µm. The letters indicate the scenarios of
Figure 3.15. The plot demonstrates that the SGSP-retrieved snow grain size mostly
depends on the grain size seen by Channel 5 (blue curve closest to 1:1 line), and is
Figure 3.16: Model simulations for varying the snow grain size of one MODIS channel
(blue: Channel 5, green: Channel 2, red: Channel 3), whereas the grain size of the
other two channels are kept constant at 100 µm in each case. The letters a–g indicate
the scenarios from Figure 3.15.
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nearly independent of the grain size seen by Channel 3 (red curve has slope near
zero). The green curve in Figure 3.16 may seem surprising, however, scenarios d and
e are equivalent to c and b when considering that Channel 3 has only little influence
on the retrieved snow grain size.
This shows that the SGSP-retrieved snow grain size is the grain size of the top
layer seen by MODIS Channel 5 at 1.24 µm. When the snow grains are smaller in
the top layer and larger in lower layers (scenario b), the SGSP retrieval tends to
underestimate the grain size (here: up to 20%). For larger grains in the top layer
and smaller grains in lower layer (scenario c), it tends to overestimate the grain size
(here: up to 20%).
3.8.3 Wet snow
When surface temperatures approach the melting point snow becomes wet. The
typical liquid water content of wet snow is up to 5%–6% [Dozier et al., 1988]. Wet
snow is a mixture of ice, air, and liquid water. The absorption coeffcient of ice and
water, γ = 4πχ/λ, depends on the imaginary part of the complex refractive index
χ, which is different for ice and water (Figure A.1). In general, the reflectance of
wet snow compared to dry snow with same grain size changes little as the liquid
water content is little, except for the wavelengths where the absorption coeffcients
of ice and water differ appreciably. In addition, the reflectance of wet snow typically
decreases at optical wavelengths, as it is usually accompanied with enhanced grain
growth during wet snow metamorphism [Dozier et al., 1988].
For the MODIS Channels 3, 2, and 5 (at 0.47 µm, 0.86 µm, and 1.24 µm), χice and
χwater are given in Table A.1. For Channels 3 and 2, χice is larger than χwater (4.9
and 1.5 times, respectively), for Channel 5, χice is smaller than χwater (1.4 times).
The influence of wet snow on the SGSP retrieval is examined by a sensitivity study.
The reflectances of MODIS Channels 3, 2, and 5 are calculated by the forward model
(Equations 3.1 and A.4). Then the reflectance of Channels 3, 2, and 5 are changed
by −17.5%, −5.4%, and +5.0%, respectively. Those values are based on the findings
in Peltoniemi et al. [2005] reporting that wet snow becomes less reflective than dry
snow by 4% to 7% in the spectral range 1.29–1.35 µm. The reflectance of Channel 5
is modified by +5.0%, and the reflectances of Channels 3 and 2 are modified using
the relations of the refractive indices mentioned above. The modified reflectance
values are put into the SGSP retrieval with solar zenith angle θ0 = 60
◦ and viewing
zenith angle θ = 0◦. The resulting retrieved snow grain size is 15% smaller than the
input grain size for a typical grain size of 200 µm. This demonstrates that the grain
size of wet snow tends to be underestimated by the SGSP retrieval.
3.8.4 Cirrus clouds
The cloud masking implemented in the SGSP retrieval works well (from visual in-
spection, see Figure 3.5a for an example). However, thin cirrus clouds on snow
surfaces may sometimes not be detected. This may influence the retrieved snow
grain size. The reflectance of cirrus clouds, water clouds, and snow as function of
wavelength is shown in Figure 3.17.
The spectral reflectance characteristics of snow are explained in Section 2.1.3. The
spectral reflectance of cirrus and water clouds shows in general a similar behavior,
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but it differs in magnitude. Ice crystals and water droplets in clouds are smaller than
snow grains on ground. Their radii are less than 40 µm and 10 µm, respectively.
Therefore, the reflectance of cirrus and water clouds is larger than snow in the near-
infrared where ice is moderately absorptive and smaller grains are likely to absorb
less radiation [Dozier, 1989]. The reflectance of cirrus clouds in the visible may be
smaller than of snow on ground as snow is optically thicker than thin cirrus clouds
[Dozier, 1989].
Assuming that the received signal at the satellite sensor is a linear combination
of the spectral reflectances of cirrus clouds and snow, then the snow reflectance
reduces in the visible and enhances towards the near-infrared in the presence of
cirrus clouds. The influence of thin cirrus on the SGSP retrieval is examined by a
sensitivity study. The reflectance of MODIS Channels 3, 2, and 5 are calculated by
the forward model (Equations 3.1 and A.4). It is assumed that the received signal
contains 10% cirrus clouds of 40 µm crystals and 90% snow of 200 µm grains. This
results in a reflectance change of Channel 3 by +0.01, of Channel 5 by −0.03, and
Channel 2 is kept constant. Those values are put into the SGSP retrieval with solar
zenith angle θ0 = 60
◦ and viewing zenith angle θ = 0◦. For this case, the retrieved
snow grain size is 21% smaller than the input snow grain size.
Figure 3.17: Spectral reflectance of water clouds with droplets of 10 µm, cirrus
clouds with crystals of 40 µm, and snow with grain size of 200 µm. The solar zenith
angle is 60◦ (Source: Gao et al. [1998]).
50 CHAPTER 3. THE SGSP RETRIEVAL
3.8.5 Summary of sensitivity results
The influence of vertically inhomogeneous snow (positive and negative grain size
gradient), wet snow and cirrus clouds are summarized in Figure 3.18. As a positive
vertical grain size gradient (i.e., grain size increases with depth) is more likely in
nature than the negative gradient (as grains grow with time), the SGSP retrieval
overall tends to underestimate the grain size for those three cases between 15% and
25%.
Figure 3.18: Summary of the sensitivity studies for the influence of vertically inho-
mogeneous snow (positive and negative grain size gradient), wet snow, and cirrus
clouds.
Chapter 4
Validation of the SGSP retrieval
4.1 Comparison with ground measurements
The SGSP retrieval is validated using six different ground truth data sets. They can
be categorized by three criteria: type, location, and subsurface of the ground mea-
surement. There are basically three types of ground-measured quantities in the data
sets: microphysical snow grain size, optical snow grain size using a spectrometer,
and specific surface area measurements that can directly be related to optical snow
grain size. The locations of the ground measurements are in the Arctic (Alaska), in
the Antarctic (Dome C and Wilkesland), on Greenland (Swiss Camp), and in Japan
(Hokkaido). The snow samples are situated on land (and land ice), on sea ice, and
on lake ice. It is important to have a versatile mixture of ground measurements
in order to understand how the retrieval reacts at different conditions. Only then,
reliable conclusions are possible. Other existing snow grain size retrievals are often
validated with a limited amount of ground truth data at one location on one sub-
surface type using one measurement technique. An overview of the six ground data
sets, their type, location, and subsurface are shown in Table 4.1.
In the Sections 4.1.1 to 4.1.6, the six ground truth data sets are described and
compared to the co-located SGSP data. In Section 4.1.7, the results are summarized
and discussed. The six data sets are:
• Aoki et al. [2007] (Section 4.1.1)
• Gallet et al. [2010] (Section 4.1.2)
• Markus [2006] (Section 4.1.3)
• Scambos et al. [2007] (Section 4.1.4)
• Painter et al. [2007] (Section 4.1.5)
• Brandt et al. [2008] (Section 4.1.6)
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Table 4.1: Overview of the six ground truth data set and their characteristics (SGS
= Snow Grain Size).
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Measured quantity
Microphysical SGS x x
Optical SGS x x x
Specific surface area x
Locations
Arctic x x x
Antarctic x x
Greenland x
Japan x
Subsurface
Land (ice) x x x
Sea ice x x x
Lake ice x
Years
2001 x
2002 x
2003 x x
2004 x
2005 x
2006 x
2007
2008 x x
2009 x
Measurements 37 20 6 6 2 2
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4.1.1 Microphysical SGS by Aoki et al.
In the Aoki et al. [2007] field campaigns, ground measurements were performed
at four sites on Hokkaido, Japan, and at one site in Barrow, Alaska, in the years
from 2001 to 2005. The snow grain size was measured with a hand-held lens and a
ruler at different depths with intervals of 0.5–1 cm. In this context, the measured
snow grain size is the branch width divided by 2. Aoki et al. [2000] found that this
dimension coincides well with the equivalent optical snow grain size for new snow
and faceted crystals (Section 2.1.4). The uncertainty of the measured snow grain size
is 50 µm. For each observation, the snow impurity, snow type, snow density, snow
temperature, and sky conditions were determined. Each single ground measurement
is co-located with the MODIS data nearest in space and time. The MODIS data are
from Terra and Aqua satellites. The Terra data are corrected for vertical stripes as
explained in Section 3.6. The spatial distance between the ground locations and the
center points of the MODIS pixels is below 400 m. The time differences between
the ground measurements and the MODIS overpasses are below 1 hour for 63%,
between 1 and 2 hours for 25%, and between 2 and 3 hours for 12% of the cases.
For the Barrow comparison, three or four MODIS overpasses could be co-located
with one ground measurement. The snow grain size from those data are averaged.
The details of the measurement sites are summarized in Table 4.2, Table B.1, and
Table B.2. The locations of the sites are illustrated in Figure 4.1.
Figure 4.2a shows the scatter plot of ground-measured versus SGSP-retrieved snow
grain size for the five field sites. The ground-measured data are from the topmost
layer (0–0.5 cm). The data of the same day and site (with spatial distances of 1 km
and time difference of 2 to 5 hours) have the same symbol. The correlation of 0.48
and the regression line with slope 0.26± 0.08 and intercept 135± 20 µm show a low
correlation of the two different observations. In some cases, measurements of the
same day and site cover a large range of snow grain size values. The range of the
Figure 4.1: Map of the Aoki et al. [2007] ground measurement sites a) on Hokkaido
and b) at Barrow. The lower left inserts show a larger regional map. The upper right
inserts show the measurement pattern for Saroma and Barrow. At Abashiri, Bihoro
and Nakashibetsu all the measurements were performed at the same locations.
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ground-measured data is often larger than that of the SGSP-retrieved data. This
shows that snow fallen at the same time in the same area under the same atmospheric
conditions may vary significantly in snow grain size, e.g., due to redistribution by
wind.
At the Barrow site, the ground-measured snow grain size data from April 26 cover
a large range of 100–650 µm (Figure 4.2a, green asterisks). The reason is that new
snow had fallen on April 23/24, 2003, and wind had blown the snow all around.
Some places therefore had new snow at the top layer, others had older snow, as
the new snow was blown away (Aoki, personal communication). At the Saroma
site, the snow was situated on lake ice, where water might sip through cracks in
the ice and affect the snow wetness and grain size (Aoki, personal communication).
This may explain the scatter of snow grain size values of the days in February,
2002 (Figure 4.2a, red crosses). At the Nakashibetsu site, the two measurements
on March 24, 2004 (measured on exactly the same spot with a time difference of
about 2 hours) have a difference of 350 µm in the ground-measured snow grain size
(Figure 4.2a, blue squares). The explanation is that melting occurred during these
two measurements. In the earlier measurement, the snow is from the snow crust,
which then melted away, and the second snow sample is from granular snow beneath
the crust (Aoki, personal communication).
Further discrepancies between the ground-measured and the satellite-retrieved data
may be due to the time difference between those two observations, during which the
snow grain size may have changed, or due to atmospheric influences affecting the
MODIS signal, e.g., thin cirrus clouds may not be detected by the cloud screening
method. As explained in Section 3.8.4, the snow grain size tends to be reduced in
the presence of cirrus clouds.
Table 4.2: Details of the ground measurement by Aoki et al. [2007]. N is the
number of samples. Sky conditions are clear (0), cloudy (1), and cloudy and cirrus
(2). Further details are given in Tables B.1 and B.2
Snow
Site Date N Type Depth [cm] Temp. [◦C] Sky
Saroma 2001-02-05 1 dry 8.5 –9.7 1
Saroma 2002-02-24 9 dry 7–31.5 –8.0 to –0.8 1
Saroma 2002-02-26 5 dry 7–31.5 –5.3 to –0.5 0
Bihoro 2002-02-27 1 dry 57 –2.2 0
Barrow 2003-04-14 5 dry 21–33 –12.2 to –3.0 2
Barrow 2003-04-26 5 dry 21–33 –6.1 to –1.9 0
Abashiri 2004-03-15 2 wet 17 –0.3 to –0.0 1
Nakashibetsu 2004-03-21 2 wet 92–106.5 –0.9 to –1.4 2
Nakashibetsu 2004-03-22 2 wet 92–106.5 –0.8 to –0.3 2
Nakashibetsu 2004-03-23 1 wet 92–106.5 –0.4 1
Nakashibetsu 2004-03-24 2 wet 92–106.5 0.0 to 0.1 2
Nakashibetsu 2005-03-15 2 dry 79 –3.4 to –0.3 0
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Figure 4.2: Scatter plots of a) single SGSP-retrieved versus ground-measured snow
grain size values, and b) their daily averages for different regions (colors) and dif-
ferent days (symbols). The ground-measured data are from the topmost layer (0–
0.5 cm). Snow and sky conditions are indicated by black circles and gray shadings,
respectively.
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Moreover, discrepancies may occur by comparing single point measurements with
satellite data having a footprint of 500 m diameter, inside of which the snow might
not be distributed homogeneously. Due to these reasons and in order to more appro-
priately compare the ground-measured and the SGSP-retrieved data, daily averages
are taken, either over exactly the same location (Nakashibetsu, Abashiri) or over
several locations with distances of 1 km for one site and day (Saroma, Barrow).
Figure 4.2b shows the scatter plot of local daily averages of ground-measured versus
SGSP-retrieved snow grain size for the five field sites. The error bars are the stan-
dard deviations of the averaged data. Wet snow is indicated by a black circle and
cirrus cloud cases by a gray shading. The linear regression accounts for the errors
of the SGSP-retrieved snow grain size. The slope of the regression line (0.96±0.1)
is near unity, and the intercept (5±37 µm) is near the origin. The clear sky and
the dry snow cases (no black circle nor gray shading) tend to be located closer to
the regression line, which may indicate that faint cirrus clouds and wet snow may
affect the satellite measurements. The wet snow cases tend to be underestimated
by the SGSP retrieval, which agrees with the sensitivity study of wet snow (Sec-
tion 3.8.3). The reliability of this regression line should be treated cautiously, as the
amount of comparison data is limited. The correlation coefficient of 0.78 shows a
good agreement between the ground-measured and the SGSP-retrieved snow grain
size.
4.1.2 Specific surface area by Gallet et al.
In the Gallet et al. [2010] field campaign, ground measurements were performed at
Dome C, Antarctica, on several days during austral summer 2008/09. They mea-
sured the specific surface area (SSA) of snow pit samples using the DUFISSS (Dual
Frequency Integrating Sphere for Snow SSA measurements) instrument described in
Gallet et al. [2009]. Snow samples were taken from the top at 1 cm, 2 cm, 5 cm,
10 cm, 15 cm, 20 cm, and then every 10 cm. The samples are put into a sample holder
and illuminated with a 1310 nm laser diode. The reflected light is collected with an
integrating sphere and measured by a photodiode. The measured reflectance is then
converted to SSA by a calibration curve. The accuracy of the SSA measurements is
10%.
The SSA of snow is defined as the average surface area < S > accessible to gases
per unit mass M [Legagneux et al., 2002]. It can be related to the optical snow
grain size aef by the average surface area < S > and the average volume < V > of
a sphere (with ρice = 917 m
2/kg):
SSA =
< S >
M
=
< S >
< V > ρice
=
4πa2ef
4
3πa
3
ef ρice
=
3
aef ρice
. (4.1)
The ground measurements were performed at thirteen sites (C1–C13) on the Antarc-
tic plateau at Dome C, and at seven sites (T1–T5, and T7–T8) during the traverse
between Dome C and the French coastal base Dumont D’Urville (Figure 4.3). The
details of these measurements are given in Table 4.3 with specific surface area and
snow grain size for the top 1 cm. The ground-measured data are co-located with
Aqua MODIS data nearest in space and time. All ground-measured data are located
within 500 m to the center of the MODIS footprint except for C2, T5, and T7, where
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Figure 4.3: Map of the ground measurements by Gallet et al. [2010] on Antarctica.
Left: Map of Antarctica with Dome C and Dumont D’Urville. Middle: Ground
measurements C1–C11 at Dome C (C2 and C3, and C10 and C11 are at the same
location). Right: Ground measurements T1–T7 on the traverse from Dome C to
Dumont D’Urville.
the nearest cloud free MODIS pixel has a distance of 1.5 km, 14 km, and 1.1 km,
respectively. For sites C12, C13, and T8 (not listed here) no co-locations could be
found due to large-scale cloud cover. The details of the co-located MODIS data and
SGSP-retrieved snow grain size are given in Table 4.4
Figure 4.4 shows the scatter plots of the ground-measured versus the SGSP-retrieved
snow grain size for the measurements at Dome C and on the traverse. The snow
types surface hoar and wind crust are marked by a red and blue circle, respectively,
the cirrus cloud cases are marked by a gray shading. In both plots, the cases without
surface hoar, wind crust or cirrus clouds have a good agreement between ground-
measured and SGSP-retrieved snow grain size. In Figure 4.4a, the surface hoar and
wind crust cases tend to be overestimated by the SGSP retrieval, except for C10, but
this is additionally affected by cirrus clouds. As explained in Section 3.8.4, cirrus
clouds tend to reduce the retrieved snow grain size. In Figure 4.4b, all comparison
data are in good agreement, including the surface hoar and wind crust cases. T3 is
slightly underestimated (20 µm) by the retrieval, likely due to cirrus clouds. T4 is
slightly overestimated (20 µm) by the retrieval.
Both ground measurement data sets of Gallet et al. [2010] show that the SGSP
retrieval gives good results for the undisturbed cases with maximum difference of
20 µm. In cases of cirrus clouds, the snow grain size may be underestimated, in the
case of surface hoar and wind crust it may be overestimated, here with a maximum
difference of 63 µm.
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Table 4.3: Details of the ground measurements by Gallet et al. [2010] for Dome C,
Antarctica: Site, date, snow type (ST), sky conditions (SC), latitude, longitude,
specific surface area (SSA) of the top 1 cm, and snow grain size (SGS). Snow types
are: rounded grains (rg), surface hoar (sh), wind crust (wc), bullet rossette (br),
column (col), and faceted crystals (fc).
Lat Lon SSA SGS
Site Date ST SC [◦] [◦] [m2/kg] [µm]
C1 2008-11-24 rg clear –75.104 123.2974 52.9 62
C2 2008-12-02 rg clear –75.105 123.3363 42.2 78
C3 2008-12-04 rg,sh cloudy –75.105 123.3363 32.7 100
C4 2008-12-15 sh clear –75.098 123.3589 41.6 79
C5 2008-12-17 rg clear –75.118 123.3408 34.0 96
C6 2008-12-23 wc clear –75.104 123.3650 40.3 81
C7 2008-12-26 rg,sh clear –75.134 123.2689 35.7 92
C8 2009-01-09 br,col,rg clear –75.064 123.2467 54.5 60
C9 2009-01-13 rg clear –75.114 123.4750 40.6 81
C10 2008-12-24 fg,sh cirrus –75.099 123.3000 24.3 135
C11 2008-12-04 sh cirrus –75.099 123.3000 41.1 80
T1 2009-02-02 rg overcast –74.172 126.0529 35.6 92
T2 2009-02-03 wc overcast –73.141 128.5986 36.0 91
T3 2009-02-04 sh,rg cirrus –72.033 131.0906 34.8 94
T4 2009-02-05 wc clear –70.888 133.2853 38.0 86
T5 2009-02-06 wc clear –69.827 134.2019 27.3 120
T7 2009-02-09 wc overcast –68.015 136.4644 21.0 156
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Table 4.4: Details of the MODIS data for the ground measurements by Gallet et al.
[2010]: Site, date, time of the overpass in UTC, solar zenith angle (SZA), viewing
zenith angle (VZA), and SGSP-retrieved snow grain size (SGS).
SZA VZA SGS
Site Date Time [◦] [◦] [µm]
C1 2008-11-24 08:15 65.1 18.8 82
C2 2008-12-02 07:25 60.7 5.0 89
C3 2008-12-04 08:50 65.6 31.8 130
C4 2008-12-15 08:30 63.2 26.0 115
C5 2008-12-17 08:20 62.3 21.3 113
C6 2008-12-23 07:45 59.9 4.7 144
C7 2008-12-26 08:15 61.7 18.6 138
C8 2009-01-09 08:25 63.3 23.9 54
C9 2009-01-13 08:00 62.4 13.7 85
C10 2008-12-24 08:25 62.4 23.7 116
C11 2008-12-04 08:50 65.6 31.8 122
T1 2009-02-02 07:40 65.4 12.5 87
T2 2009-02-03 06:45 62.5 8.2 86
T3 2009-02-04 07:25 65.6 28.3 74
T4 2009-02-05 06:30 62.1 6.4 106
T5 2009-02-06 05:35 58.6 26.1 121
T7 2009-02-09 05:25 57.5 25.0 150
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Figure 4.4: Scatter plot of ground-measured versus SGSP-retrieved snow grain size
for the Gallet et al. [2010] data. a) For the sites at Dome C, and b) for the sites
on the traverse between Dome C and Dumont D’Urville. The red and blue circles
mark the snow types of surface hoar and wind crust, respectively. The gray shadings
mark cases of cirrus clouds.
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4.1.3 Microphysical SGS by Markus
In the field campaign of Markus [2006], ground measurements were performed on the
sea ice near Point Barrow, Alaska, on March 12, 2006. They measured the micro-
physical snow grain size, here the largest and smallest diameter. The measurements
were performed at five sites with distances of 0.25–1.6 km and at one site 10 km
south east of them (Figure 4.5). The ground measurements are co-located each with
two MODIS overpasses of March 12 lying within the 500 m footprint. The sky was
clear. The uncertainty of the measured snow grain size is 50 µm.
The ground-measured snow grain size (smallest diameter divided by two) ranges
between 100 µm and 150 µm, except for site 4 with 500 µm. This side was covered
by an ice layer. As this seems to be a special case, it is excluded from the further
comparison. The SGSP-retrieved grain size ranges between 103 µm and 146 µm.
The grain size differences between the two MODIS overpasses are from 5–31 µm,
which is in an acceptable range. It might come from different atmospheric conditions
or instrument noise.
The difference between the ground-measured and the mean SGSP-retrieved snow
grain size ranges between 25 µm and 35 µm. There is no clear positive or negative
bias, for sites 2, 3, and 5, it is positive, for sites 1 and 6, it is negative. As the sites
are close to each other and the ground-measured data are just point measurements,
a more representative snow grain size for all ground-measured data is 125 µm. Then
the difference to the SGSP-retrieved snow grain size ranges between 0 µm and 10 µm.
The averaged data are shown later in the scatter plot of Figure 4.11.
Figure 4.5: Map of the ground measurements 1–5 by Markus [2006] near Point
Barrow, Alaska. The measurement site 6 is located about 10 km south east of
measurements 1–5.
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Table 4.5: Details of the Markus [2006] field campaign on the sea ice near Barrow,
Alaska, and the co-located SGSP data for March 12, 2006: site, latitude, longitude,
and snow grain size (SGS) of the ground measurement. Time (in UTC), solar zenith
angle (SZA), viewing zenith angle (VZA), snow grain size (SGS), and mean snow
grain size of the two MODIS overpasses.
Ground SGSP Mean
Lat Lon SGS SZA VZA SGS SGS
Site [◦] [◦] [µm] Time [◦] [◦] [µm] [µm]
1 71.358 –156.540 100
21:35 75.0 25.2 122
125
23:15 74.7 38.4 127
2 71.360 –156.544 150
21:35 75.1 25.2 103
115
23:15 74.7 38.4 127
3 71.365 –156.558 150
21:35 75.1 25.2 112
121
23:15 74.7 38.4 130
4 71.367 –156.562 500
21:35 75.1 25.2 111
119
23:15 74.7 38.4 126
5 71.369 –156.567 150
21:35 75.1 25.2 111
119
23:15 74.7 38.4 126
6 71.195 –156.393 100
21:35 74.9 25.7 115
131
23:15 74.6 38.5 146
4.1.4 Optical SGS by Scambos et al.
In the field campaign of Scambos et al. [2007], ground measurements were performed
on the sea ice near the coast of Wilkesland, Antarctica, on three days in October
2003. A field spectrometer was set up on ground measuring the sunlight reflected
by the snow in the spectral range from 0.4 to 2.5 µm. The spectra were inverted to
an equivalent optical snow grain size based on the snow grain size retrieval of Nolin
and Dozier [2000] (Section 2.2.3). The uncertainty of the measured snow grain size
is 50 µm. The field measurements were performed on three days at three sites (A,
B, and C in Figure 4.6), each comprising two different locations within a range of
100 m and a time difference of 10 to 38 minutes. All three days had clear sky
conditions. The measurements were done between 03:00 and 06:00 UTC. Sunrise
for the three days was between 22:20 and 23:50 UTC, sunset between 09:00 and
09:34 UTC, which means the ground measurements were made around local solar
noon. For each site, the ground-measured data are co-located with data from the
two MODIS overpasses nearest in space (< 500 m) and time. The time difference
between the ground measurements and the MODIS overpasses ranges between 0:59
and 4:10 hours. The MODIS data are from Terra and Aqua satellites. The Terra
data are corrected for vertical stripes as explained in Section 3.6. Details on the
observations are given in Tables 4.6 and 4.7.
For the comparison, the ground-measured snow grain size is related to the SGSP-
retrieved snow grain size by a scaling factor x = 1.22. The Nolin and Dozier [2000]
retrieval assumes spherical particles, whereas the SGSP retrieval assumes a mixture
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Figure 4.6: Map of the ground measurements by Scambos et al. [2007] near the coast
of Wilkesland, Antarctica. The measurements were performed at three different sites
(A, B, and C), on three days in October 2003 (03, 07, and 20).
of hexagonal plates and columns represented by the form factor ASGSP = 5.8, for
spherical particles it would be Aspheres = 6.4 (Section 3.1). The scaling factor x
follows from Equation 3.1 by replacing Aspheres with ASGSP and scaling the SGSP
snow grain size aef with x:
Asphere
√
γaef = ASGSP
√
γaefx (4.2)
⇒ x =

Asphere
ASGSP
2
=

6.4
5.8
2
= 1.22. (4.3)
Although there is no detailed knowledge available about the snow grain shape, the
form factor ASGSP = 5.8 of the different particle shapes better represents the field
conditions than the assumptions of pure spheres. Therefore, the Scambos ground-
measured snow grain size is scaled by dividing with 1.22 in order to compare equiv-
alent size parameters.
Figure 4.7 shows the scatter plot of ground-measured versus SGSP-retrieved snow
grain size for sites A, B, and C. The gray dots correspond to each single measurement
or retrieval value. The black dots and error bars are the averages and standard
deviations over each site. Taking averages allows a better comparison of the two snow
grain size quantities. The two ground-measured values of each site are located within
100 m and therefore lie within one MODIS footprint. The two SGSP-retrieved values
are from two MODIS overpasses at different times during which snow metamorphism
may have occurred or wind may have drifted the snow.
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Table 4.6: Details of the ground measurements by Scambos et al. [2007] for sites
A (−64.61◦/117.67◦), B (−64.56◦/116.58◦), and C (−65.27◦/109.46◦): Time of the
measurement in UTC, solar zenith angle (SZA), snow grain size (SGS), and snow
type. SGSsph is the snow grain size obtained with the Nolin and Dozier [2000]
retrieval assuming spherical particles (estimated from topmost layer in Figure 4.9),
SGSasph is divided by 1.22 in order to correct for aspherical snow grains.
SZA SGSsph SGSasph
Site: date Time [◦] [µm] [µm] Snow type
A: 2003-10-03 04:48 61.4 106 87 dry
05:26 61.8 92 75 dry
B: 2003-10-07 04:00 60.3 66 54 new
04:10 60.3 75 61 recent precip.
C: 2003-10-20 03:10 56.3 170 139 wet
03:20 56.3 271 222 wet
Table 4.7: Details of the MODIS data for the measurement sites A
(−64.61◦/117.67◦), B (−64.56◦/116.58◦), and C (−65.27◦/109.46◦): Time of the
overpass in UTC, solar zenith angle (SZA), viewing zenith angle (VZA), SGSP-
retrieved snow grain size (SGS), and satellite.
SZA VZA SGS
Site: date Time [◦] [◦] [µm] Satellite
A: 2003-10-03 00:50 69.2 30.9 58 Terra
06:25 66.4 22.7 88 Aqua
B: 2003-10-07 00:25 70.1 47.7 53 Terra
02:05 62.7 31.5 85 Terra
C: 2003-10-20 01:35 62.4 20.3 166 Terra
07:10 61.9 14.8 206 Aqua
For all three measurement sites, the averaged SGSP-retrieved snow grain size co-
incides well with the averaged ground-measured data. The difference between the
two ground measurements at one site is small for sites A and B (≈ 10 µm), and
large for site C (≈ 80 µm). It shows that the snow was distributed inhomogeneously
at site C, possibly due to snow metamorphism, which proceeds faster for wet snow
(Section 2.1.2). The difference between the two SGSP-retrieved snow grain size val-
ues at one site is about 30–40 µm for all sites, which might be due to instrument
noise or varying atmospheric influence. For sites A and C, it might also be due to
snow metamorphism during the 6 hours time difference between the two MODIS
overpasses.
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Figure 4.7: Scatter plot of the ground-measured versus the SGSP-retrieved snow
grain size (gray: each single measurement, black: local and spatial averages and
standard deviations). The ground-measured snow grain size is scaled by dividing
with 1.22.
4.1.5 Optical SGS by Painter et al.
In the Painter et al. [2007] field campaign, ground measurements were performed at
Swiss Camp, located near the west coast of Greenland, on two days in May 2005.
They use an ASD spectroradiometer measuring the spectral radiance in the wave-
length range from 0.35–2.5 µm. They dug a 2 m by 2 m snow pit and measured
the horizontal and vertical profile by using a contact probe transferring the radi-
ance to the instrument. The spectral measurements were then converted to optical
snow grain size by the method of Nolin and Dozier [2000]. The uncertainty of the
measured snow grain size is 50 µm. For the comparison with the SGSP-retrieved
snow grain size, the ground-measured snow grain size is divided by 1.22, as the Nolin
and Dozier [2000] method assumes spherical particles (for detailed explanation see
Section 4.1.4).
The ground measurements were performed at Swiss Camp site (69.568◦/ −49.316◦)
on May 05 and 17, 2005. The vertical and horizontal profiles of the snow grain size
is shown in Figure 4.8. In the upper layer (0–40 cm), grain size is small (40–140 µm)
and distributed rather homogeneously. It increases with depth (140–300 µm) and
gets more inhomogeneously. The ground-measured data are co-located with MODIS
data nearest in space and time. On May 05, the MODIS data show large-scale cloud
cover at the measurement site. Therefore, only data from May 06 are used for
the SGSP retrieval, where the nearest cloud free pixel is 1.1 km northwest of the
measurement site. From May 17 to 20 no snow pixel data were available from
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the MODIS instrument at the measurement site. Therefore, the snow grain size is
roughly estimated by the average over 200×200 km2 around the site. The details of
the ground measurements and the SGSP data are summarized in Table 4.8.
On May 05, the estimated horizontally averaged snow grain size in the top layer
(0–5 cm) is about 90 µm for the ground measurement, corresponding to a scaled
value of 74 µm. This is in good agreement with the SGSP-retrieved snow grain size
of 72 µm.
On May 17, the estimated horizontally averaged snow grain size in the top layer
(0–5 cm) is about 140 µm for the ground measurement, corresponding to a scaled
value of 115 µm. The 200×200 km2 average of the SGSP-retrieved snow grain size
is 100 µm for May 05 to 06 and 150 µm for May 17 to 20 (Figure 4.9). The SGSP-
retrieved grain size at the measurement site on May 06 is about 30 µm smaller than
Figure 4.8: Snow grain size image of the snow pit at Swiss Camp, Greenland, by
Painter et al. [2007] for May 05 and 17, 2005 (Source: Painter et al. [2007]).
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the averaged value. Assuming a homogeneous growth rate of the snow depending
on temperature, temperature gradient, and density [Marbouty, 1980] over the whole
area, the SGSP-retrieved grain size on May 17 may roughly be estimated by 120 µm
at the measurement site, which would be in good agreement with the ground data.
However, this estimation should be treated with caution. The grain size data are
shown later in the scatter plot of Figure 4.11.
Figure 4.9 shows the SGSP-retrieved snow grain size time series at Swiss Camp
for May 2005. The red and black dots are the averages over 20×20 km2 and
200×200 km2, respectively. The black line is the three days moving average. The
increase of snow grain size from 100 µm on May 15 to 150 µm on May 17 can be
well explained by the onset of surface melting on May 15, as observed by Painter
et al. [2007].
Table 4.8: Details of the ground measurements by Painter et al. [2007] for the Swiss
Camp site (69.568◦/−49.316◦), Greenland, and the co-located SGSP data. SGSsph
is the snow grain size obtained with the Nolin and Dozier [2000] retrieval assuming
spherical particles (estimated from topmost layer in Figure 4.9), SGSasph is divided
by 1.22 in order to correct for aspherical snow grains.
Ground SGSP
SGSsph SGSasph SZA VZA SGS
Date [µm] [µm] Date Time [◦] [◦] [µm]
2005-05-05 90 74 2005-05-06 15:35 53.0 15.4 72
2005-05-17 140 115 2005-05-x - - - 120
Figure 4.9: Time series of SGSP-retrieved snow grain size at Swiss Camp
(69.568◦/−49.316◦), Greenland for May 2005. The red and black dots and error bars
are the averages and their standard deviations over 20×20 km2 and 200×200 km2,
respectively. The black line is the three days moving average.
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4.1.6 Spectral albedo by Brandt et al.
In the Brandt et al. [2008] field campaign, ground measurements were performed on
the sea ice of Elson Lagoon near Barrow, Alaska, on two days in April 2008. They
used an ASD spectroradiometer measuring the albedo in the spectral range from
0.35 µm to 2.5 µm. The spectral ground albedo measurements are compared with
the SGSP-derived snow albedo, which is obtained from the retrieved snow grain size
and soot concentration using Equation 2.6.
The ground measurements were performed at five locations on an area covered by
clean snow near the center of 71.325◦/−156.43◦ on April 15 and 19, 2008. New snow
had fallen on April 14. The averaged albedo as a function of wavelength is shown
in Figure 4.10 (black: mean, blue: min, max). At the wavelength of 1.24 µm, the
uncertainty of the albedo is 0.01 for April 15, and 0.035 for April 19, corresponding
to 5 µm and 25 µm, respectively (using Equation 2.6). The solar zenith angle of
the ground measurements was about 60◦ for both days. The ground-measured data
are co-located with the SGSP-derived albedo of two Aqua MODIS overpasses within
500 m to the ground measurements (red, green). On April 19, the MODIS data at
the measurement site were cloud-covered. Therefore, MODIS data from April 20
were taken for the comparison with the ground measurements. The nearest cloud-
free snow pixel of the second MODIS overpass (23:05) on April 20 was 10 km south of
the measurement site. The details of the ground-measured and the SGSP-retrieved
data are given in Table 4.9.
On April 15, the albedo of the ground measurement is larger than the SGSP-derived
one. At the wavelength of 1.24 µm, which is strongly sensitive to snow grain size,
the ground albedo is 0.57, the SGSP-derived ones are 0.53 and 0.51, respectively.
They correspond to a snow grain size of 75 µm for the ground measurement (using
Equation 2.6), and to 94 µm and 111 µm, respectively, for the SGSP-retrieved
snow grain size. The difference of 17 µm between those two overpasses may be
explained by snow metamorphism during the time span of 01:35, by instrument
noise or atmospheric influence. The difference between the ground- and SGSP-
retrieved snow grain size is 19 µm and 36 µm, respectively. As new snow had fallen
on April 14, which may have a larger variation of grain sizes (e.g., caused by varying
temperature during snow formation [Cabanes et al., 2002]), the ground-retrieved
value may not be representative for the area of the MODIS footprint of 500 m
diameter.
On April 19, the albedo of the ground measurement is close to the SGSP-derived one
in the spectral range between 0.86 µm and 1.24 µm. At the wavelength of 1.24 µm,
the ground-measured albedo is 0.48, corresponding to a snow grain size of 135 µm.
The SGSP-derived albedos are 0.45 and 0.46, corresponding to snow grain sizes of
149 µm and 142 µm, respectively. The difference of 7 µm between the two MODIS
overpasses is small. The ground- and SGSP-retrieved snow grain size are in good
agreement with small difference of 14 µm and 7 µm, respectively.
The differences in the visible spectral range (0.4–0.75 µm) on both measurement
days may be explained by incorrect detection of the soot concentration by the SGSP
retrieval, as the albedo in the visible strongly depends on the soot concentration.
The differences in the spectral range 1.4–2.4 µm are not of interest here, as the snow
reflectance theory is only valid up to 1.4 µm (Section 2.1.3).
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Figure 4.10: Snow albedo as function of wavelength from the Brandt et al. [2008]
ground measurements (blue: mean, black: min, max) and as inferred from the
MODIS data using the SGSP retrieval (red, green). a) For April 15, 2008, and b)
for April 19/20, 2008. The dots are the albedo values at the MODIS Channels 3, 2,
and 5. The overpass time of the MODIS data is in UTC.
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Table 4.9: Details of the ground-measured albedo by Brandt et al. [2008] on Elson
Lagoon (71.325◦/−156.43◦), Alaska, and the co-located SGSP data: Date, time (in
UTC), solar zenith angle (SZA), and viewing zenith angle (VZA) of the measure-
ment, albedo at 1.24 µm, and the snow grain size (SGS).
SZA VZA Albedo SGS
Data type Date Time [◦] [◦] (1.24 µm) [µm]
Ground 2008-04-15 60 - 0.57 75
SGSP 2008-04-15 21:10 62.3 39.3 0.53 94
SGSP 2008-04-15 22:45 61.3 19.9 0.51 111
Ground 2008-04-19 60 - 0.48 135
SGSP 2008-04-20 21:25 60.1 31.5 0.45 149
SGSP 2008-04-20 23:05 59.7 31.6 0.46 142
4.1.7 Discussion of results
The comparisons of the ground-measured versus the SGSP-retrieved snow grain size
shows in general good agreement for the six different data sets.
The Aoki et al. [2007] data set comprises a large amount of measurements (37) of
the microphysical snow grain size at different places on different subsurfaces and
at different atmospheric conditions. This allows analyzing how the SGSP retrieval
behaves at those different conditions. The snow grain size was often horizontally
inhomogeneously distributed at the measurement sites which makes it difficult to
compare with satellite data of 500 m footprint size. Therefore, all measurements
at one location of one day are averaged, which improves the correlation from 0.48
to 0.78 between the ground-measured data and the SGSP retrieval (compare Fig-
ures 4.2 a and b). The direct comparison of the averages of those two observations
(Figure 4.2b) shows small differences (1–6%) for three cases, intermediate differ-
ences (18–36%) for six cases, and large differences (72–178%) for three cases. A
further difficulty is that the microphysical snow grain size cannot unambiguously be
related to the retrieved optical grain size without knowing the exact shape. In the
example of a cylindrical-shaped grain in Section 2.1.4, the optical size is 3/7 of the
microphysical grain size.
The Gallet et al. [2010] data set comprises a large amount of measurements (20)
of the specific surface area that can be related to the optical snow grain size. The
measurements were performed on the Antarctic plateau and on the traverse to the
coast. The different types of snow and the different atmospheric conditions allow
a comprehensive analysis of the SGSP retrieval. The data set is described in much
detail and is excellent for the validation with satellite data. The comparison of
the snow grain size between the Gallet et al. [2010] data and the SGSP retrieval
(Figure 4.4) shows good agreement for the cases of clear sky, no surface hoar, and
no wind crust, with differences of 5–32%. In total, eight cases have small differences
(1–14%), eight cases have intermediate differences (18–53%), and one case has a
large difference (77%). The snow grain size of the surface hoar and wind crust cases
may be overestimated by the SGSP retrieval. Cirrus clouds may reduce the retrieved
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snow grain size, as also explained in Section 3.8.4.
The results of the data sets of only few measurements (Markus [2006], Scambos et al.
[2007], Painter et al. [2007], and Brandt et al. [2008]) are summarized in Figure 4.11.
It shows that the ground-measured and the SGSP-retrieved snow grain size agree
well. Six cases have small differences of 2–10%, and two cases have an intermediate
difference of 19–37%.
The comparisons of the SGSP-retrieved and the ground-measured grain size show
that measuring the optical grain size on ground is preferable to validate satellite
retrievals. The microphysical grain size can often not clearly be related to the optical
one. The agreement of the SGSP-retrieved and the ground-measured grain size is
equally good for the different regions (Arctic, Antarctic, Greenland, and Japan) and
different years (2001 to 2009). The subsurface type does not play an important role
as long as the snow exceeds the semi-infinite depth (> 5 cm for near-infrared satellite
channels). The SGSP retrieval tends to underestimate the grain size of wet snow
(here in four out of five cases by 18–31%) when compared to the microphysical grain
size (Aoki et al. [2007] comparison), which confirms the results in Section 3.8.3. The
two wet snow cases in the comparisons measuring the optical grain size (Scambos
et al. [2007]; Painter et al. [2007]) were in good agreement. The SGSP retrieval
tends to overestimate the grain size for cases of surface hoar (here four out of six
by 30–53%) and wind crust (here two out of four by 23–77%), which are present in
Figure 4.11: Scatter plot of ground-measured versus SGSP-retrieved snow grain size
for the data sets with few measurements (Markus [2006], Scambos et al. [2007],
Painter et al. [2007], and Brandt et al. [2008]). The points are the averages of the
measurements at the same day and site. The error bars are the standard deviations
of the averages. The cases without error bars had only one measurement.
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the Gallet et al. [2010] comparison. Two cases of surface hoar are underestimated
by the retrieval, but those were additionally affected by cirrus clouds. The SGSP
retrieval tends to underestimate the grain size in the presence of cirrus clouds (here
four out of seven cases by 14–31% in the Aoki et al. [2007] and Gallet et al. [2010]
comparisons), which confirms the results in Section 3.8.4.
For the cases of wet snow and cirrus clouds, both type of errors are available here,
the modeled errors (sensitivity studies in Sections 3.8.3 and 3.8.4) and observed
errors (validation studies in this section). As shown in Figure 4.12, the modeled and
observed error have the same sign, and for cirrus clouds, also the size agrees. For
wet snow, the modeled error is 60% of the observed one.
Figure 4.12: Modeled and observed errors for the SGSP-retrieved grain size caused
by wet snow and cirrus clouds.
4.1.8 Recommendations for future ground measurements
The comparisons with the ground-measured data sets show that the validation of
satellite-retrieved snow grain size requires ground measurements of the optical grain
size or a quantity clearly related to it, and a large amount of data with different
atmospheric and snow conditions. From the analysis of the different data sets, rec-
ommendations for ground measurements of snow grain size when comparing with
satellite data are formulated. A general overview of how to perform field measure-
ments of snow is given in Fierz et al. [2009].
• The area of the ground measurements should be homogeneous and level, fully
covered area by clean snow.
• The snow layer should exceed the semi-infinite depth (> 5 cm for near-infrared
satellite channels).
• The microphysical and optical grain size should be measured both.
• The measurements should cover a large range of grain size, grain shapes, snow
types.
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• The measurements should cover cases of clear sky and cirrus clouds.
• Several measurements (> 5) within the size of one footprint at different posi-
tions should be taken.
• The vertical profile in intervals of 0.5–1 cm for the upper 5–10 cm should be
measured.
4.2 Comparison with previous retrieval using
ground measurements
Ground reflectance measurements by Negi and Kokhanovsky [2011] in the Indian
Himalayan basin (32.27◦/77.18◦ at 2039 m altitude) are used to analyze how the
SGSP retrieval compares to the previous snow grain size retrieval by Kokhanovsky
and Zege [2004]. The latter uses the BRDF of Koch-fractal particles (Equation A.4),
whereas the SGSP retrieval uses an additional channel to eliminate the influence of
the BRDF. The field experiment was performed with an ASD spectroradiometer
measuring in the spectral range from 0.35–2.50 µm. Additionally, the microphysical
snow grain size, here the maximum length, was measured. Negi and Kokhanovsky
[2011] found later that this was not the appropriate measure that can be related to
the optical grain size Section 2.1.4. The surface was flat and homogeneous, the sky
was cloud free.
Figure 4.13a and Table 4.10 show the reflectance measurements at the wavelengths
0.645 µm, 0.859 µm, and 1.24 µm from January 29, 2005. The surface was covered
by 10 cm of fresh snow from the day before, being on top of the existing snowpack.
During the time period from 9:30 to 11:50 the snow surface temperature increased
from −2.5◦C to 0.0◦C, and the in-situ measured grain size increases due to snow
metamorphism. This can also be seen by the steady decrease of the reflectance at
1.24 µm.
Figure 4.13b shows the retrieved grain size for the two retrieval methods using the
reflectance measurements as input data. In this context the grain size is the grain
Table 4.10: Ground reflectance measurements at different wavelengths for the time
period 09:30 to 11:50 in the Himalayan basin (32.27◦/77.18◦ at 2039 m altitude)
on January 29, 2005 [Negi and Kokhanovsky, 2011], solar zenith angle (SZA), snow
surface temperature (T), and in-situ measured snow grain size (SGS) as maximum
length of the particles.
Wavelength 09:30 10:20 10:45 11:20 11:50
0.645 µm 0.93 0.93 0.95 0.93 0.94
0.859 µm 0.88 0.89 0.90 0.86 0.85
1.24 µm 0.55 0.55 0.42 0.41 0.33
SZA [◦] 63.9 57.6 54.9 52.2 51.0
T [◦C] –2.0 –2.0 –1.5 0.0 0.0
SGS [mm] 0.0–0.5 0.0–0.5 0.5–1.0 0.5–1.0 1.0–2.0
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radius, in Negi and Kokhanovsky [2011] it is the grain diameter. Both retrieval
methods are based on the asymptotic radiative transfer theory (Section 2.2.3 and
Equation 3.1), but use different ways to solve it. Kokhanovsky and Zege [2004] use
the reflectance of one channel (here: 1.24 µm), assume soot concentration CS = 0,
and calculate R0 from Equation A.4. Zege et al. [2011] is the SGSP retrieval using
three channels (here: 0.645 µm, 0.869 µm, and 1.24 µm) as described in Section 3.1.
In general, both retrievals show an increasing trend of snow grain size over the time
of the measurements. From 09:30 to 10:20, the grain size is almost constant for both
retrievals. From 10:20 to 10:45, it increases strongly for both retrievals. From 10:45
to 11:20, it increases by 10 µm for the Kokhanovsky and Zege [2004], and decreases
by 30 µm for the SGSP-retrieval. From 11:20 to 11:50, it increases similarly for
both retrievals. The in-situ measured grain size constantly increases over the time
period. It is almost 10 times larger than the retrieved grain size, but as mentioned
above, the maximum length is not the appropriate measure that can be related to
the optical grain size.
The decrease of the SGSP-retrieved snow grain size at 11:20, is unexpected, as the
in-situ measured grain size constantly increases. The reason may most likely be
that snow metamorphism first took place in the uppermost layer seen at 1.24 µm
(scenario c in Figure 3.15), and then in the lower layer seen at 0.859 µm. This
would explain why the reflectance at 1.24 µm decreases from 10:20 on, whereas the
reflectance at 0.859 µm decreases only from 10:45 on (it even slightly increases from
09:30 to 10:45 by 0.02). It shows that the SGSP-retrieved snow grain size depends on
the difference of the reflectances in Channels 2 and 5 (corresponding to 0.859 µm and
1.24 µm). When the difference increases, the grain size gets larger, when it decreases,
the grain size gets smaller. Therefore, the increase of the SGSP-retrieved grain size
at 10:45 is rather strong, as the reflectance at 1.24 µm decreases strongly by 0.13 and
the reflectance at 0.859 µm increases slightly by 0.01. At 11:20, the reflectance at
1.24 µm decreases only slowly by 0.01, and the reflectance at 0.859 µm now decreases
by 0.04. This reduces the reflectance ratio between 1.24 µm and 0.859 µm, resulting
in a decrease of the SGSP-retrieved snow grain size.
The comparison of the two snow grain retrievals shows that the SGSP-retrieved
grain size is smaller than of the previous retrieval. Differences are 5 µm to 15 µm
for the measurements from 09:30 to 10:45, and 44 µm to 48 µm from 11:20 to 11:50.
This might be a fault of the SGSP retrieval due to vertical inhomogeneous snow
(Section 3.8.2). During snow metamorphism, the SGSP-retrieved grain size may be
larger when the uppermost layer is warming first, a scenario typical for warming
during the day.
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Figure 4.13: a) Ground reflectance measurements at different wavelengths for the
time period 09:30 to 11:50 in the Himalayan basin on January 29, 2005 [Negi and
Kokhanovsky, 2011]. b) The snow grain size retrieved from different retrieval meth-
ods by using the reflectance data from a).
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4.3 Comparison with snow fall on Ross ice shelf
A time series of snow grain size observations over a region may give information
on snow fall events by a sudden decrease in the grain size as new snow has smaller
grains. Up to now, snow fall events can only be detected reliably by local ground
stations, but those are rare in polar regions. In order to check whether it is possible
to detect snow fall events by the SGSP retrieval, snow grain size time series are
computed and compared with snow depth change data from Automatic Weather
Stations (AWS) [Keller, 2010].
The SGSP retrieval is applied to a region of 1000×1000 km2 on the Antarctic Ross
ice shelf using Aqua MODIS data. It is a level area with homogeneous surface con-
ditions and little influence by surface topography, like mountain slopes or shadows.
Figure 4.14a shows the RGB false color image of the MODIS Channels 3, 2, and 5 on
the Ross ice shelf. This channel combination was chosen in order to easily distinguish
between snow (brownish), clouds (whitish) and water (black). Figure 4.14b shows
the SGSP-retrieved snow grain size computed from the reflectance of Figure 4.14a.
The snow grain size values range between 50 µm and 300 µm. The non-snow pixels
(water, clouds, rocks) are masked out (white).
Three snow grain size time series are computed for three AWS stations on the Ross
ice shelf having an Acoustic Depth Gauge (ADG) for January 2010. The ADG,
mounted on the AWS, looks downwards and measures the distance to the snow
surface by sonar pulses. Changes in snow depth may be caused by snow fall, drifting
Figure 4.14: a) False color MODIS image (Channels 3, 2, and 5) of Ross ice shelf
(black: water, brownish: snow, white/bluish: clouds). b) SGSP-retrieved snow grain
size using MODIS Channels 3, 2, and 5 (white: non-snow pixels like water, clouds,
or rocks). The location of AWS stations Mary, Ferrell, and Nascent are indicated
by black dots. The black and red square indicate the averaging regions used for the
time series in Figure 4.15a.
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snow, and snow ablation. Drifting snow occurs for wind speeds larger than 5 m/s
[Schwerdtfeger, 1984]. The three stations, Mary, Ferrel, and Nascent are indicated
by a black dot in Figure 4.14. The snow grain size time series is calculated by taking
the average over a 50x50 km2 and a 250x250 km2 region centered around the AWS
station, in order to avoid gaps in the time series due to cloud cover. The two regions
around the station Mary are indicated by a red and black rectangle in Figure 4.14.
Figure 4.15 shows the time series of the snow grain size for the small (red) and the
large region (black), the snow depth change, the wind speed, and the air temperature
for the AWS station Mary. On January 4, the snow depth increases abruptly by
6 cm, which can only be due to snow fall, as wind speed was low (below 4 m/s,
below the threshold of snow drift). At the same time the snow grain size suddenly
decreases from 200 µm to 50 µm and stays at this level. On January 5, wind seems to
Figure 4.15: Time series of January 2010 on the Antarctic Ross ice shelf for a) the
snow grain size from SGSP retrieval, b) the snow depth change, c) the wind speed,
and d) the air temperature from the AWS station Mary. The 250x250 km2 (black)
and 50x50 km2 (red) average regions and the location of the AWS station Mary are
indicated in Figure 4.14.
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ablate 2 cm of the newly fallen snow, and until January 11 the snow depth decreases
slowly due to deposition or ablation (the low snow accumulation values on January
7 and 8 below the continuous time series may rather be attributed to errors of the
ADG instrument). The retrieved snow grain size increases slowly during this time.
This may reflect the growth of the snow grains induced by snow metamorphism
(Section 2.1.2). The larger increases in snow depth on January 11, 18 and 20 of
2–4 cm may either be due to smaller snow fall events or due to drifting snow, as
wind speeds reach 6 m/s and above.
The time series of the stations Ferrell and Nascent are given in Appendix B.2. In
those data, it is more difficult to find a co-incidence of a snow fall event and a
sudden decrease of the snow grain size, as wind speeds are above 5 m/s when the
snow depth increases. However, at two occasions (January 11 for Nascent, January
3–7 for Ferrell), snow depth increases and snow grain size decreases at the same
time.
It can be concluded that it is possible to detect snow fall events by sudden decreases
in snow grain size. The amount of fallen snow cannot be inferred from the grain
size change, as the grain size observed immediately after the event is determined by
the meteorological conditions during the snow fall. That is, the method may miss
events of snow fall, which do not change the grain size of the uppermost layers.
4.4 Comparison with MODIS albedo product MOD43
The snow reflectance model used for the grain size retrieval allows calculating the
snow surface albedo, which is a function of wavelength with the two parameters
snow grain size and soot concentration (Equation 2.6). In this section, the SGSP-
derived albedo (using the forward model with the SGSP-derived grain size and soot
concentration) is compared with the MODIS albedo product MOD43 (Section 2.3.3)
on the Greenland ice sheet for MODIS Channels 1–5. The data product contains
spectral surface albedo data as 16-days averages over land for which it uses the data
of both MODIS instruments, Terra and Aqua.
Figures 4.16–4.20 show the MODIS albedo (a), the SGSP-derived albedo (b), their
differences (c) and the scatter density plot (d), each one for the Channels 1 to 5 (see
Table 2.6 for the corresponding wavelengths). The data are the 16 day means over
the time period April 16 to 23, 2010. The SGSP-derived albedo in Channels 1 and
2 is larger than the MODIS albedo over almost the whole area with average biases
of −0.077 and −0.047, respectively. In Channels 3 and 4, the bias is close to zero
(0.0 and 0.018, respectively). In Channel 5 the bias is −0.04. In Channels 1 to 4,
there is no distinct correlation between the MODIS and the SGSP-derived albedo
(0.5 to 0.64). In Channel 5, there is a high correlation of 0.82.
As Channel 5 is most sensitive to the snow grain size, and Channels 1 to 4 are most
sensitive to soot concentration (Figure 2.3), this confirms that the SGSP retrieval
reveals good results for the snow grain size, but not for the soot concentration, as the
errors of the MODIS instrument are too high for retrieving the soot concentration
correctly (Section 3.8.1).
Stroeve et al. [2005] converted the data of the spectral MODIS albedo product
MOD43 to a broadband albedo (by summing the weighted spectral albedos) and
compared it to broadband snow albedo data from AWS stations on Greenland. They
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found that the MODIS broadband albedo (0.3–3.0 µm) had a bias of −0.05 compared
to the broadband albedo of the AWS stations. Although the spectral distribution
of this broadband offset is not known here, a homogeneous distribution is assumed
in a first approach. By adding this offset of 0.05 to the MODIS spectral albedo
data, the MODIS–SGSP comparison improves, especially for Channel 5 with only
a small bias of 0.01. This also suggests that the SGSP-derived spectral albedo may
better compare to the AWS broadband albedo data than the MOD43 albedo product.
However, broadband albedos do not give information about the spectral distribution,
and therefore, comparisons with spectral albedos would be more desirable here.
Figure 4.16: Comparison of a) MODIS albedo and b) SGSP-derived albedo, c) their
differences, and d) the scatter plot for MODIS Channel 1 (0.65 µm). The data are
the 16 day means over the time period April 16 to 23, 2010. The data inside the
black rectangle are used for the scatter plot. The gray areas are non-snow pixels.
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Figure 4.17: Comparison of a) MODIS albedo and b) SGSP-derived albedo, c) their
differences, and d) the scatter plot for MODIS Channel 2 (0.86 µm). The data are
the 16 day means over the time period April 16 to 23, 2010. The data inside the
black rectangle are used for the scatter plot. The gray areas are non-snow pixels.
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Figure 4.18: Comparison of a) MODIS albedo and b) SGSP-derived albedo, c) their
differences, and d) the scatter plot for MODIS Channel 3 (0.47 µm). The data are
the 16 day means over the time period April 16 to 23, 2010. The data inside the
black rectangle are used for the scatter plot. The gray areas are non-snow pixels.
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Figure 4.19: Comparison of a) MODIS albedo and b) SGSP-derived albedo, c) their
differences, and d) the scatter plot for MODIS Channel 4 (0.56 µm). The data are
the 16 day means over the time period April 16 to 23, 2010. The data inside the
black rectangle are used for the scatter plot. The gray areas are non-snow pixels.
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Figure 4.20: Comparison of a) MODIS albedo and b) SGSP-derived albedo, c) their
differences, and d) the scatter plot for MODIS Channel 5 (1.24 µm). The data are
the 16 day means over the time period April 16 to 23, 2010. The data inside the
black rectangle are used for the scatter plot. The gray areas are non-snow pixels.
Chapter 5
Summary and Conclusion
In this work, the SGSP retrieval (Sections 3.1 and 3.2), calculating the snow grain
size and impurity amount (here: soot concentration) from reflectance measurements,
has been implemented and validated. The unique characteristics of the retrieval are
the reduced dependence on the shape of the snow particles, and the applicability
at high solar zenith angles up to 75◦, i.e., at low sun elevations down to 15◦ (Sec-
tion 3.3). Those are important as snow particles have various shapes with different
reflection characteristics, and the sun elevation is often low in polar regions.
A near-real time processing chain was implemented that computes the snow grain
size and soot concentration on an automated basis (Section 3.5). It enables efficient
retrievals on a large scale (spatially and temporally) for predefined regions and
selected time periods. The computation of a region of 1000 km×1000 km takes
about 15 minutes on a current desktop PC.
The input data for the SGSP retrieval are from the MODIS instruments on the
satellites Terra and Aqua. It requires data from three channels (Section 3.4): one
sensitive to snow grain size (MODIS Channel 5 at 1.24 µm), one sensitive to soot
(MODIS Channel 3 at 0.47 µm), and one to eliminate the dependence on the BRDF
(MODIS Channel 2 at 0.86 µm). It was found that data from Aqua have generally
better quality than from Terra (Section 2.3.2). Furthermore, the Channel 5 data
of Terra had vertical striping artifacts due to thermal leakage and electronic cross
talk (Section 3.6). Those have been corrected by interpolation between neighboring
pixels. Both data from Terra and Aqua had horizontal striping artifacts due to
instrument calibration errors, which have been corrected by a destriping routine
based on matching EDFs (Section 3.7.1).
The MODIS data contain reflectance data of the Earth’s surface and overlying at-
mosphere. Therefore, snow pixels had to be distinguished from non-snow pixels, like
water, soil, or clouds (Section 3.7.2). The standard routines of NDSI, R2 and R4
thresholds could well separate between snow and non-snow surface pixels. However,
clouds were only partially detected. Therefore, two additional cloud masks were
used: the MODIS cloud mask product MOD35 for general cloud detection and a
spatial variability cloud mask for the detection of speckle cloud patterns.
Four sensitivity studies showed how the SGSP retrieval behaves for uncertainties in
the MODIS data (Section 3.8.1), vertically inhomogeneous snow (Section 3.8.2), wet
snow (Section 3.8.3), and cirrus clouds (Section 3.8.4).
The errors of the SGSP-retrieved snow grain size due to uncertainties in the one
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MODIS channel are 1% to 13% for 100 µm grains, and 1% to 7% for 1000 µm
grains. MODIS uncertainties in two or three channels with different signs lead to
retrieved grain size errors of up to 36% for 100 µm grains, and up to 15% for 1000 µm
grains. However, for equal signs of the errors, i.e., when the radiation received by
the MODIS sensors is equally higher or lower in all three channels, the error in
the retrieved snow grain size reduces to less than 2%. This shows that the SGSP
retrieval is robust when all three channels are influenced equally, e.g., caused by
partial cloud cover of the sensor footprint. The errors of the SGSP-retrieved soot
concentration due to uncertainties in the MODIS data were well above 100% for
typical soot concentrations in polar regions of 1×10−7 to 1×10−8 (relative volumetric
concentration). Therefore, a meaningful retrieval of soot was not possible.
Vertically inhomogeneous snow may lead to errors in the SGSP retrieval, as it uses
three channels of different wavelengths, each one looking into different depths of the
snow layer. It was found that the retrieved grain size is mostly sensitive to the layer
seen by MODIS Channel 5 (at 1.24 µm), which receives the reflected radiation from
the upper 1 cm. When the snow grain size was smaller at the top and larger at lower
layers, a typical case as the grains grow with time, the retrieved grain size was by
20% smaller than the top layer true grain size. Vice versa, the grain size was 20%
larger.
Wet snow may lead to errors in the SGSP retrieval, as then the snow layer contains
liquid water (typically 5%–6%) having a different absorption coefficient than ice
(at some wavelengths higher, at some lower). However, it usually does not cause
large errors as the amount of liquid water is small and the absorption coefficients
of ice and water are similar at several wavelengths. Often the reflectance of wet
snow decreases caused by enhanced grain growth during wet snow metamorphism.
For the wavelength of the MODIS channels used here (3, 2, and 5), the absorption
coefficients of ice and water differ by factors between 1.4 and 4.9. It was found that
the SGSP retrieval underestimated the grain size of wet snow by 15%.
Thin cirrus clouds may sometimes be missed by the cloud masking method, and
hence affect the radiation received by the MODIS sensors. It was found that for a
cirrus cloud case contributing 10% to the received signal, the retrieved snow grain
size was underestimated by 21%.
The comparison of the SGSP-retrieved snow grain size with ground measurements
of the six ground truth data sets showed in general a good agreement (Section 4.1).
The data sets were from different regions (Arctic, Antarctic, Greenland, and Japan),
different years (2001 to 2009), and different subsurfaces (land, land ice, sea ice, lake
ice). In total, there were 17 cases with small differences (1–14%), 16 cases with
intermediate differences (18–53%), and four cases with large differences (72–178%).
Those discrepancies may be caused by errors in the SGSP retrieval, e.g., due to
instrument noise or atmospheric influence. For four out of five wet snow cases in
the comparison with the microphysical grain size, the SGSP-retrieved grain size
tended to be underestimated by 18–31%. For four out of six cases of surface hoar
and two out of four cases of wind crust, the SGSP-retrieved grain size tended to
be overestimated by 30–53% and 23–77%, respectively. For four out of seven cirrus
cloud cases, the SGSP-retrieved grain size tended to be underestimated by 14–31%.
The results concerning the wet snow and cirrus cloud cases confirm the findings of
the sensitivity studies (Figure 4.12). Furthermore, the ground-measured data are
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point measurements and the satellite data cover the area of one MODIS footprint
of 500 m diameter inside of which the snow grain size might be not distributed
homogeneously.
The SGSP retrieval was compared with the retrieval of Kokhanovsky and Zege
[2004] using spectral ground measurements (Section 4.2). It showed that the SGSP-
retrieved grain size tends to be smaller (for three cases 5–15 µm, for two cases 44–
48 µm), and that vertically inhomogeneous snow may cause over- or underestimation
of the SGSP-retrieved grain size, as already found in the sensitivity study.
A time series of the SGSP-retrieved snow grain size was computed on the Ross ice
shelf in Antarctica, which was then compared with snow depth change data from
the AWS stations Mary, Nascent, and Ferrel (Section 4.3). This comparison showed
that snow fall events can be detected by the SGSP retrieval by a sudden decrease
of the snow grain size. There was one definite snow fall event of 6 cm of new snow,
which resulted in a decrease of grain size from 200 µm to 50 µm. Further changes
of snow depth might be caused by drifting snow when wind speeds exceed 5 m/s.
The SGSP-retrieved snow grain size and soot concentration were used to calculate
the snow spectral albedo over a 16 day period for a large-scale area in Greenland
(Section 4.4). The data were compared with the MODIS albedo product MOD43.
It was found that the correlation between those two data was good for MODIS
Channel 5 (at 1.24 µm) with R = 0.82, but not for the Channels 1 to 4 (at 0.67 µm,
0.89 µm, 0.47 µm, and 0.55 µm). This can be explained as the visible spectral
channels are most sensitive to soot, which currently cannot be determined reliably
by the SGSP retrieval. In contrast, Channel 5 is most sensitive to snow grain size, for
which an overall good agreement of the SGSP retrieval with ground measurements
was found, as shown in the other comparisons of this work.
The final result of this work is that the SGSP retrieval has been validated successfully
with a versatile mixture of ground measurements and implemented in a near-real
time processing chain allowing efficient processing of the snow grain size, which
influences the albedo and thus the radiative balance. The albedo in turn is an
important input parameter for climate models.
Chapter 6
Outlook
In this work, the new snow grain size retrieval method SGSP has been implemented
and validated with ground measurements for the first time. Suggestions for future
work concern the improvement of the retrieval, the extension of the validation, and
the application of the retrieval.
The SGSP retrieval uses three MODIS channels at 0.47 µm, 0.86 µm, and 1.24 µm,
each one looking at a different depth, causing underestimation of the snow grain size.
Therefore, weighting factors could be included in the SGSP algorithm to account
for a typical vertical grain size profile.
In the atmosphere model of the SGSP retrieval, constant atmospheric conditions
typical for polar regions are currently used. Those could be replaced by real data
from other remote sensing applications (e.g., the aerosol optical thickness).
Snow and clouds are distinguished in the SGSP retrieval by three cloud screening
methods. Still there might be cases of thin cirrus clouds that are not detected by
the current methods. Additional methods could thus improve the cloud screening
further.
The SGSP retrieval has been validated using six different ground truth data sets.
Further ground measurements could be used to obtain more information on the be-
havior of the retrieval, especially for cases of different snow types (dry, wet, different
shapes) and sky conditions (with and without cirrus clouds).
The validation of the SGSP retrieval is performed here using MODIS data. The
comparison of the retrieval using other satellite data (e.g. from GLI) with the same
ground truth data sets could reveal discrepancies due to the different instrument
characteristics.
The snow grain size of the SGSP retrieval could be compared to other retrieval
methods, which could reveal strengths and weaknesses of the different methods.
The SGSP retrieval can be used to compute the snow albedo, as done in the com-
parison with the MOD43 albedo product. The snow albedo is an important input
variable for climate and numerical weather prediction models.
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Appendix A
Snow optics
A.1 Snow bidirectional reflection function
The bidirectional reflection function R of a semi-infinite snow layer consisting of
randomly-oriented, closely-packed snow crystals is given by [Kokhanovsky and Zege,
2004]:
R(θ, θ0, φ) = R0(θ, θ0, φ) exp [−α f(θ0, θ, φ)] . (A.1)
R0 is the bidirectional reflectance distribution function (BRDF). The term f and α
are explained later in Equation A.6 and Equation A.8. θ0 is the solar zenith angle,
θ the viewing zenith angle, and φ the relative azimuth angle between the incident
and reflected light.
The bidirectional reflection function R(θ, θ0, φ) can be measured by the intensity
of light reflected from the snow Ir(θ, θ0, φ) and reflected from a Lambertian surface
IL(θ0) with albedo 1.0:
R(θ, θ0, φ) =
Ir(θ, θ0, φ)
IL(θ0)
. (A.2)
Kokhanovsky [2006] showed that IL = F0(θ0) cos θ0/π, where F0 is the flux coming
from the sun, therefore:
R(θ, θ0, φ) =
πIr(θ, θ0, φ)
F0(θ0) cos θ0
. (A.3)
R0 is the bidirectional reflection function without absorption. It can be approxi-
mated for Koch-fractal particles by [Kokhanovsky, 2005]:
R0(θ, θ0, φ) =
A+B(cos θ + cos θ0) + C cos θ cos θ0 + p(x)
4(cos θ + cos θ0)
(A.4)
with A = 1.247, B = 1.186, and C = 5.157. p(x) is the phase function in dependence
of the scattering angle x (in degrees) and can be approximated for Koch-fractal
particles by [Kokhanovsky, 2005]:
p(x) = 11.1exp(−0.087x) + 1.1exp(−0.014x). (A.5)
with x = arccos(− cos θ cos θ0 + sin θ sin θ0 cosφ).
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The function f is given by [Zege et al., 1991]:
f(θ0, θ, φ) =
K0(θ)K0(θ0)
R0(θ, θ0, φ)
(A.6)
where K0 is the escape function determining the angular distribution of light escap-
ing from a semi-infinite non-absorbing medium [Zege et al., 1991]:
K0(θ) =
3
7
(1 + 2 cos θ). (A.7)
The absorption term α is defined by [Kokhanovsky, 2004]:
α = 4

ltr
3labs
(A.8)
where ltr is the transport path length and labs the absorption path length [Kokhanovsky,
2004]:
ltr =
1
σext(1− g(ξ)) , labs =
1
σabs
. (A.9)
σext and σabs are the extinction and absorption coefficients of snow, respectively. g(ξ)
is the asymmetry parameter (the average cosine over the phase function) depending
on the particle shape represented by the parameter ξ (for spheroids ξ = a/b where a
and b are the lengths of the symmetry axes). Inserting Equation A.9 in Equation A.8
results in:
α = 4

σabs
3σext(1− g(ξ)) . (A.10)
The absorption coefficient σabs and extinction coefficient σext of snow are given by
[Zege et al., 1998; Kokhanovsky and Zege, 2004]:
σabs = γϕ(ξ)Cν , σext =
3Cν
2aef
(A.11)
where γ is the absorption coefficient of ice, ϕ(ξ) the absorption enhancement param-
eter depending on the parameter ξ, Cν = ρsnow/ρice (ρ: density) is the volumetric
particle concentration, and aef the effective optical snow grain size (radius). The
absorption coefficient for pure ice is γ = 4πχ/λ, and for a mixture of ice and soot
it is γ = 4π(χ+ 0.2CS)/λ [Zege et al., 2008]. λ is the wavelength, χ the imaginary
part of the complex refractive index of ice [Warren and Brandt, 2008], and CS the
relative volumetric soot concentration.
Inserting Equation A.11 in Equation A.10 gives:
α =
4
3

2ϕ(ξ)γaef
1− g(ξ) =
4
3

2ϕ(ξ)
1− g(ξ)
√
γaef . (A.12)
The parameters g(ξ) and ϕ(ξ) depend only on the particle shape and can be ap-
proximated for each type of shape. For spheres, g(ξ) ≈ 0.89 and ϕ(ξ) ≈ 1.27
[Kokhanovsky and Zege, 2004]. For Koch-fractals, g(ξ) ≈ 0.75 and ϕ(ξ) ≈ 1.84
[Kokhanovsky and Zege, 2004]. For a mixture of hexagonal plates and columns,
90 APPENDIX A. SNOW OPTICS
ϕ(ξ) ≈ 1.5 and g(ξ) ≈ 0.84 [Zege et al., 2011]. Summarzing the shape-dependent
parameters yields the form factor A [Zege et al., 2008]:
A =
4
3

2ϕ(ξ)
1− g(ξ) . (A.13)
In this thesis, the hexagonal particle model is used with A = 5.8 [Zege et al., 2011].
For spheres, A = 6.4, and for Koch-fractals A = 5.1.
Inserting Equation A.12 in Equation A.1 results in:
R(θ, θ0, φ) = R0(θ, θ0, φ)exp(−A√γaefK0(θ)K0(θ0)
R0(θ, θ0, φ)
). (A.14)
A.2 E-folding depth
The light intensity I(z) as a function of depth z (in deep snow layers) is described
by [Domine´ et al., 2008]:
I(z) = I0e
−α0(λ)z. (A.15)
The depth z until the radiation is reduced by the factor of e−1 (≈ 37%) is the
e-folding depth ϵ(λ) (in deep snow layers):
p = 1/α0(λ). (A.16)
α0(λ) is the asymptotic flux extinction coefficient [Zege et al., 1991]:
α0 =

3(1− ω0)(1− g(ξ)) σext (A.17)
where ω0 is the single scattering albedo, g(ξ) the asymmetry parameter (the average
cosine over the phase function) depending on the particle shape represented by the
parameter ξ (for spheroids ξ = a/b where a and b are the lengths of the symmetry
axes), and σext the extinction coefficient of snow.
The single scattering co-albedo 1− ω0 is the ratio of the absorption coefficient σabs
and the extinction coefficient σext of snow:
1− ω0 = σabs
σext
(A.18)
The absorption coefficient σabs and extinction coefficient σext of snow are given by
Equation A.11. Equations A.18 and A.11 yield:
1− ω0 = 2
3
γϕ(ξ)aef =
8πχ
3λ
ϕ(ξ)aef . (A.19)
Inserting Equations A.19 and A.11 in Equation A.17 gives:
α0(λ) = 3
ρsnow
ρice

2π
χ
λ aef
ϕ(ξ)(1− g(ξ))) (A.20)
The parameters g(ξ) and ϕ(ξ) depend only on the particle shape and can be ap-
proximated for each type of shape (Appendix A.1).
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A.3 Imaginary part of complex refractive index for ice
and water
Figure A.1: Imaginary part of the complex refractive index for ice (blue) [Warren
and Brandt, 2008] and water (green) [Hale and Querry, 1973].
Table A.1: Imaginary part of complex refractive index of ice [Warren and Brandt,
2008] and water [Hale and Querry, 1973] for the MODIS channels 3, 2, and 5.
MODIS channel χice χwater
3 (at 0.47 µm) 1.956×10−10 9.520×10−10
2 (at 0.86 µm) 2.150×10−7 3.283×10−7
5 (at 1.24 µm) 1.220×10−5 8.683×10−6
Appendix B
Validation of the SGSP retrieval
B.1 Comparison with Aoki et al. data
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Table B.1: Details of ground-measured data by Aoki et al. [2007]: ID of the mea-
surement, date, longitude, latitude, local time, snow type (ST), snow depth (SD),
snow grain size (SGS) in the layer 0–0.5 cm (SGS).
ID Date Lon Lat Local Time ST SD SGS
[◦] [◦] [cm] [µm]
Saroma
1 2001-02-05 143.933 44.117 09:45–10:30 dry 8.5 65
3 2002-02-24 143.929 44.119 09:05–10:20 dry 10.0 60
4 2002-02-24 143.929 44.128 10:23–10:45 dry 26.0 125
5 2002-02-24 143.942 44.128 10:50–11:20 dry 6.0 75
6 2002-02-24 143.917 44.119 11:23–12:47 dry 8.0 125
7 2002-02-24 143.904 44.119 11:47–12:12 dry 19.0 150
8 2002-02-24 143.942 44.119 12:12–12:33 dry 7.0 150
9 2002-02-24 143.954 44.119 12:33–13:00 dry 17.0 125
10 2002-02-24 143.929 44.110 13:02–13:18 dry 6.0 175
11 2002-02-24 143.929 44.101 13:20–13:50 dry 32.0 100
12 2002-02-26 143.954 44.119 08:40–09:05 dry 10.0 272
13 2002-02-26 143.904 44.119 09:22–09:50 dry 23.5 35
14 2002-02-26 143.929 44.101 10:00–10:40 dry 31.5 35
15 2002-02-26 143.929 44.119 10:45–11:25 dry 7.5 35
16 2002-02-26 143.929 44.128 12:30–13:00 dry 26.0 50
Bihoro
17 2002-02-27 144.110 43.860 10:07–11:30 dry 57.0 160
Barrow
18 2003-04-14 -156.628 71.317 10:30–11:20 dry 20.5 35
19 2003-04-14 -156.652 71.308 11:35–12:20 dry 13.0 50
20 2003-04-14 -156.628 71.308 12:50–14:30 dry 28.0 225
21 2003-04-14 -156.596 71.308 12:50–14:30 dry 33.0 40
22 2003-04-14 -156.628 71.299 15:45–16:10 dry 33.0 75
23 2003-04-26 -156.628 71.317 12:30–13:10 dry 28.0 650
24 2003-04-26 -156.652 71.308 13:30–13:58 dry 28.0 100
25 2003-04-26 -156.628 71.308 10:45–11:30 dry 24.0 400
26 2003-04-26 -156.596 71.308 14:50–15:15 dry 21.0 100
27 2003-04-26 -156.628 71.299 14:15–14:40 dry 24.0 75
Abashiri
54 2004-03-15 144.194 43.971 09:50–11:00 wet 17.0 300
55 2004-03-15 144.194 43.971 12:10–12:20 wet 17.0 300
Nakashibetsu
28 2005-03-15 144.713 43.500 10:00–11:30 dry 79.0 150
29 2005-03-15 144.713 43.500 12:00–13:45 dry 79.0 100
33 2004-03-21 144.714 43.499 09:57–11:17 wet 106.5 300
34 2004-03-21 144.714 43.499 11:59–13:00 wet 103.0 300
36 2004-03-22 144.714 43.499 10:20–10:59 wet 99.0 250
37 2004-03-22 144.714 43.499 12:00–12:44 wet 100.0 250
39 2004-03-23 144.714 43.499 09:40–10:50 wet 99.0 400
41 2004-03-24 144.714 43.499 10:00–10:44 wet 94.0 600
42 2004-03-24 144.714 43.499 11:30–12:33 wet 92.0 250
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Table B.2: Details of MODIS and SGSP-retrieved data for the Aoki et al. [2007] com-
parison: ID of the corresponding ground measurement from Table B.1, satellite, local
time (LT), solar zenith angle (SZA), viewing zenith angle (VZA), SGSP-retrieved
snow grain size (SGS).
ID Sat. LT SZA VZA SGS ID Sat. LT SZA VZA SGS
[◦] [◦] [µm] [◦] [◦] [µm]
Saroma Barrow
1 Terra 10:35 61.7 1.4 112 18 Aqua 14:05 62.1 34.6 235
3 Terra 10:25 56.1 1.7 89 18 Aqua 12:30 62.4 29.0 224
4 Terra 10:25 56.1 1.8 80 18 Terra 12:15 62.8 48.3 263
5 Terra 10:25 56.1 1.7 89 19 Aqua 14:05 62.1 34.5 231
6 Terra 10:25 56.1 1.8 89 19 Aqua 12:30 62.4 29.1 227
7 Terra 10:25 56.1 1.9 87 19 Terra 12:15 62.7 48.4 246
8 Terra 10:25 56.1 1.7 89 20 Aqua 14:05 62.1 34.6 228
9 Terra 10:25 56.1 1.6 94 20 Aqua 12:30 62.4 29.0 218
10 Terra 10:25 56.1 1.7 83 20 Terra 12:15 62.7 48.3 257
11 Terra 10:25 56.0 1.7 77 21 Aqua 14:05 62.1 34.7 231
12 Terra 10:10 56.2 22.2 177 21 Aqua 12:30 62.4 29.0 225
13 Terra 10:10 56.2 22.5 153 21 Terra 12:15 62.7 48.3 248
14 Terra 10:10 56.2 22.4 157 22 Aqua 14:05 62.1 34.6 234
15 Terra 10:10 56.2 22.4 170 22 Aqua 12:30 62.4 29.1 219
16 Terra 10:10 56.2 22.4 173 22 Terra 12:15 62.7 48.3 259
Bihoro 23 Terra 12:55 58.1 36.8 202
17 Terra 10:55 53.1 44.3 162 23 Aqua 14:30 57.9 15.0 170
Abashiri 23 Terra 12:55 58.3 27.0 176
54 Terra 10:35 47.6 20.9 206 23 Aqua 14:30 58.7 46.7 232
55 Aqua 12:15 47.1 12.9 261 24 Terra 12:55 58.1 36.8 217
Nakashibetsu 24 Aqua 14:30 57.9 15.1 188
28 Terra 10:05 49.4 26.5 150 24 Terra 12:55 58.3 27.0 183
29 Aqua 11:45 45.8 50.1 115 24 Aqua 14:30 58.6 46.7 232
33 Terra 10:00 47.4 35.0 216 25 Terra 12:55 58.1 36.7 205
34 Aqua 11:35 43.3 54.9 199 25 Aqua 14:30 57.9 15.0 175
36 Terra 10:40 43.9 33.5 191 25 Terra 12:55 58.3 27.1 175
37 Aqua 12:20 44.5 0.2 219 25 Aqua 14:30 58.7 46.7 250
39 Terra 09:45 47.8 48.6 258 26 Terra 12:55 58.1 36.7 210
41 Terra 10:30 43.8 15.3 417 26 Aqua 14:30 57.9 14.9 186
42 Aqua 12:10 43.1 21.0 421 26 Terra 12:55 58.3 27.1 184
26 Aqua 14:30 58.7 46.8 248
27 Terra 12:55 58.1 36.7 203
27 Aqua 14:30 57.9 15.1 179
27 Terra 12:55 58.3 27.1 177
27 Aqua 14:30 58.6 46.7 246
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B.2 Comparison with snow fall on Ross ice shelf
Figure B.1: Time series of January 2010 on the Antarctic Ross ice shelf for a) the
snow grain size from SGSP retrieval, b) the snow depth change, c) the wind speed,
and d) the air temperature from the AWS station Ferrell.
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Figure B.2: Time series of January 2010 on the Antarctic Ross ice shelf for a) the
snow grain size from SGSP retrieval, b) the snow depth change, c) the wind speed,
and d) the air temperature from the AWS station Nascent.
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